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ABSTRACT 

The o b j e c t i v e  of NASA Cont rac t  NASA 5-9108 w i t h  
Airborne Ins t rumen t s  Labora tory ,  a D i v i s i o n  of C u t l e r -  
Hammer, I n c . ,  w a s  t o  s t u d y  t h e  f e a s i b i l i t y  of  expe r imen t s  
u s ing  r a d i o  sounding t echn iques  f o r  t h e  i n v e s t i g a t i o n  of t h e  
ionosphe r i c  p r o p e r t i e s  of  Mars and Venus. The s tudy  e f f o r t  
w a s  d iv ided  i n t o  two areas. 
weight ,  and power c o n s i s t e n t  w i t h  modern s p a c e c r a f t  t echnology.  
The t echn iques  s t u d y  was concerned w i t h  i n s t r u m e n t a t i o n  s u i t -  

C o n s t r a i n t s  were a p p l i e d  i n  s i z e ,  

a b l e  f o r  sounding a p l a n e t a r y  ionosphere  from nearby  t o  
100,000 km f rom t h e  p l a n e t  i n  f l y b y  or o r b i t i n g  s p a c e c r a f t .  
A pa rame t r i c  a n a l y s i s  related power, r e s o l u t i o n ,  f requency ,  
r ange ,  and o t h e r  pa rame te r s  o f  importance.  A system a n a l y s i s  
was performed u s i n g  t h e  methods of  modern r a d a r  systems and 
app ly ing  them t o  i o n o s p h e r i c  sounding. The r e s u l t s  were 
a p p l i e d  t o  a s p e c i f i c  miss ion ,  such as a Voyager f l i g h t  t o  
Mars, w i t h  r equ i r emen t s  t o  sound f r o m  d i s t a n c e s  of 1000 t o  
40,000 km. 
The v a r i o u s  e l emen t s  of t h i s  system are w i t h i n  t h e  p r e s e n t  
s t a t e  of  t h e  a r t  and the e n t i r e  system i s  cons ide red  f e a s i b l e .  
Weights,  s i z e s ,  and powers- a r e  g iven .  

A system t o  accompl ish  such a mis s ion  i s  d e s c r i b e d .  

The t h e o r e t i c a l  s t u d i e s  i n v e s t i g a t e d  t h e  propaga-  
t i o n  p r o p e r t i e s  of an  ionosphere  i n  terms of  p ropaga t ion  t i m e  
d e l a y ,  d o p p l e r  s h i f t ,  p o l a r i z a t i o n ,  and d i s p e r s i o n .  It w a s  
found t h a t  t h e  p r i n c i p a l  method f o r  sounding should  be propa-  
g a t i o n  t i m e  d e l a y  and t h e  bu lk  of the  e f f o r t  w a s  a p p l i e d  t o  
v i r t u a l  d e p t h  a n a l y s e s  and i n t e r p r e t a t i o n .  
c a r r i e d  o b t  u s i n g  magneto- ionic  theory ,  assuming t y p i c a l  
models f o r  t h e  e l e c t r o n  d e n s i t y  p r o f i l e s  and t a k i n g  t h e  mag- 

The s t u d y  was 
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n e t i c  f i e l d  s t r e n g t h  and d i r e c t i o n  as v a r i a b l e  parameters .  
Useful r e l a t i o n s h i p s  were found between t h e  i n c r e m e n t a l  
pa th  l e n g t h  i n c r e a s e  due t o  t h e  ionosphere  and t h e  s c a l e  
he igh t  and magnetic f i e l d .  

he igh t ,  a d a t a  a n a l y s i s  t echn ique  was evolved t h a t  should  
permit a r easonab le  f i r s t  approximation t o  t h e  i o n o s p h e r i c  
p r o f i l e  and p l a n e t a r y  magnetic f i e l d .  
s i s  can be a t t empted  from t h i s  approximation u s i n g  known 
techniques ,  
o f  a magnetic f i e l d  p r i o r  t o  a n a l y s i s ,  which i s  unknown i n  
t h e  e a r l y  p l a n e t a r y  ven tu res .  
Mariner 4 were no t  known u n t i l  t h e  end o f  t h i s  program, 
these t echn iques  a re  s t i l l  of i n t e r e s t  f o r  o t h e r  p l a n e t s  
such as J u p i t e r .  For Mars, which has no magnet ic  f i e l d ,  

they  s i m p l i f y  cons ide rab ly .  

I 
I n t e r p r e t e d  i n  terms o f  v i r t u a l  

~ 

A more r e f i n e d  ana ly -  

These known t echn iques  r e q u i r e  t h e  s t i p u l a t i o n  

Although t h e  r e s u l t s  o f  

The r e p o r t  recommends con t inued  e f f o r t s .  Those 
t echn iques  t h a t  were evolved f o r  l o n g - d i s t a n c e  sounding 
should be developed f u r t h e r ,  s t a r t i n g  i n i t i a l l y  from a 
breadboard phase.  
t o  system d e s i g n  and equipment s p e c i f i c a t i o n s ,  t h e  f u r t h e r  
a n a l y s i s  of  p ropaga t ion  a s p e c t s ,  d a t a  r e d u c t i o n  and i n t e r -  
p r e t a t i o n  methods, a n a l y s e s  o f  t h e  s i g n i f i c a n c e  o f  measure- 
ment and i n t e r p r e t a t i o n  errors, and the  p h y s i c s  o f  t h e  iono-  
spheres  of  bo th  p l a n e t s .  

S t u d i e s  shou ld  be con t inued  w i t h  r e s p e c t  

iv 
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SECTION 1 
INTRODUCTION 

T h i s  f i n a l  r e p o r t  d e s c r i b e s  a f e a s i b i l i t y  s t u d y  
of experiments u s i n g  r a d i o  sounding t e c h n i q u e s  f o r  t h e  
i n v e s t i g a t i o n  o f  t h e  i o n o s p h e r i c  p r o p e r t i e s  o f  Mars and 
Venus. The p r e s e n t  c o n t r a c t  (NAS 5-9108) was a fo l low-  
up o f  a n o t h e r  c o n t r a c t  awarded b y  NASA to Airborne I n s t r u -  
m e n t s  Labora tory  (AIL) i n  1962 (NASW-513) i n  which p lane-  

t h e  p r e s e n t  c o n t r a c t  was a broader ,  more comprehensive 
I n v e s t i g a t i o n  than  t h e  e a r l i e r  e f f o r t ,  

+ , a ry  sounder  t e c h n i q u e s  were i n v e s t i g a t e d .  The o b j e c t  o f  

The work was d i v i d e d  i n t o  two c o o r d i n a t e d  main 
+ b ~ s k s - - a  t h e o r e t i c a l  i n v e s t i g a t i o n  o f  t h e  p ropaga t ion  prop- 

e r t i e s  of a n  i o n o s p h e r i c  medium i n  terms o f  t h o s e  param- 
e t e r s  t h a t  might be ins t rumented ,  and s t u d i e s  o f  i n s t r u -  
men ta t ion  s u i t a b l e  f o r  sounding a p l a n e t a r y  ionosphe re  from 
n e a r  t o  f a r - o f f  d i s t a n c e s .  Ranges were cons ide red  o u t  t o  
100,000 lan and t h e  e f f o r t  i s  a p p l i c a b l e  t o  b o t h  f l y b y  as 
well a s  o r b i t i n g  s p a c e c r a f t .  

Knowledge of t h e  atmospheres o f  Mars and Venus i s  
ex t r eme ly  l i m i t e d  and i s  based  upon o b s e r v a t i o n s  from t h e  
E a r t h  and t h e  Mariner  2 and 4 miss ions .  The data  i s  ve ry  

s p a r s e  i n  comparison w i t h  t h e  Earth,  and the  e l e c t r o n  d e n s i t y ,  
c o n s t i t u e n t s ,  and t empera tu re  of  t h e  p l a n e t a r y  ionosphe res  
a r e  no t  v e r y  well-known. T h e o r e t i c a l  models have been de r ived ,  
b u t  are  t o o  s p e c u l a t i v e  t o  be r e l i e d  upon very  s e r i o u s l y ,  

A s c i e n t i f i c  i n v e s t i g a t i o n  o f  a p l a n e t a r y  ionosphe re  
must i n c l u d e  measurements of t h e  degree o f  i o n i z a t i o n ,  t h e  

source ,  t h e  n e u t r a l  and i o n i z e d  c o n s t i t u e n t s ,  t h e  upper  atmos- 
p h e r i c  t e m p e r a t u r e  p r o f i l e  of n e u t r a l ,  i o n i z e d  and e l e c t r o n  
p a r t i c l e s ,  and t h e  magnet ic  f i e l d  wi th in  t h e  ionosphere .  

1 



Radio sounding t echn iques  have s u c c e s s f u l l y  mea- 
s u r s a  t h e  e l e c t r o n  concen t r a t ion  a t  a d i s t a n c e ,  and presum- 
a b l y  t h e  t o t a l  i o n  concen t r a t ion .  The s c a l e  h e i g h t  can be 

determined and, assuming thermal  equi l ibr ium,  temperatures  
may be de r ived  if an atmospheric model can be deduced. How- 
ever ,  d i f f e r e n c e s  i n  n e u t r a l ,  i on ized ,  and e l e c t r o n  p a r t i c l e  
temperature ,  a n d  n e u t r a l  p a r t i c l e  and s p e c i f i c  i o n  d e n s i t i e s  
have not  been e s t a b l i s h e d  us ing  such techniques .  High-power 
s c a t t e r i n g  can be used t o  provide  some temperature  informa- 
t i o n ,  but t h e r e  a r e  many p r a c t i c a l  d i f f i c u l t i e s  i n  implement- 
i n g  such techniques  f o r  space  use .  

E x i s t i n g  sounding t echn iques  a r e  l i m i t e d  i n  range 
due to power, weight,  and s i z e  c o n s t r a i n t s .  P l a n e t a r y  m i s -  
s i ons  w i l l  range from f l y b y s  to o r b i t e r s ,  and a sounding 
experiment w i l l  be r equ i r ed  t o  f u n c t i o n  t o  very  l a r g e  d i s -  

t ances ,  on t h e  o r d e r  o f  40,000 to 100,000 h. Where t h e  
range i s  small ,  e x i s t i n g  techniques  can be used, such as t h a t  
provided by t h e  Alouet te  s a t e l l i t e  or t h e  Explorer  XX. How- 
ever,  i n  c l o s e  approaches, i t  would be d e s i r a b l e  t o  u s e  more 
advanced methods measuring much more da t a ,  i n  p a r t i c u l a r  
those  parameters  not measurable by e x i s t i n g  t echn iques .  For 
much l o n g e r  ranges ,  on t h e  o t h e r  hand, i t  i s  necessary  t o  use  
techniques  t h a t  w i l l  be a b l e  to measure, a t  t h e  very l e a s t ,  
those  parameters p r e s e n t l y  measured a t  c l o s e  range.  However, 
such long-range techniques  must meet power, weight,  and s i z e  
requirements .  

During t h e  s t u d y  v a r i o u s  t echn iques  were i n v e s t i -  
ga ted  i n  terms o f  t h e i r  performance w i t h  r e s p e c t  to range,  
power, weight,  s i z e ,  and complexity.  The g o a l  was t o  be a b l e  
t o  s p e c i f y  t h o s e  techniques  t o  be used for a s p e c i f i c  miss ion .  

2 
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The stucijr :.:as a t  f i r s t  gene ra l ,  and t h e  r e s u l t s  paramet r ic  
I n  na tu re .  Toward t h e  end of  t h e  s tudy t h e  r e s u l t s  of  t h e  
l n v e s t l g a t i o n  xere  a p p l i e d  t o  more s p e c i f i c  miss ions  such 
as t h e  Voyager Mars o r b i t e r .  These ma t t e r s  are desc r ibed  
m 3 r e  f u l l y  i n  S e c t i o n  3. 

The i n t e n t  of  t h e  t h e o r e t i c a l  p ropagat ion  s t u d i e s  
:;2s t o  e v a l u a t e  t h o s e  ionospher fc  c h a r a c t e r i s t i c s  t h a t  were 
r e s s u r a b l e  from a d i s t ance .  These c h a r a c t e r i s t i c s  i n c l u d e  
cropzgztlon t i m e  delay,  doppler  sh i f t ,  p o l a r i z a t i o n ,  and d i s -  

pe r s ion ,  It was found t h a t  doppler  s h i f t  and p o l a r i z a t i o n  
were only  u s e f u l  wi th  a second coopera t ive  s t a t i o n ,  such as 
2 r e c e l v e r  or t r a n s m i t t e r ,  p laced on the  p l a n e t a r y  s u r f a c e .  
;uiun r e s p e c t  t o  d i spe r s ion ,  the  necessary p r e c i s i o n  of  wave- 
f o m  a n a l y s i s  and g e n e r a t i o n  precluded a s imple system. 
Never the less ,  a f u l l e r  examination o f  methods f o r  u s ing  the  
info,-rr..atIon conta ined  wi th in  waveshapes remains t o  be accom- 
p E s h e d  2nd may prove f r u i t f u l .  

7 -. L .  

The bu lk  of t h e  t h e o r e t i c a l  e f f o r t  was a p p l i e d  t o  
delay-t ime ana lyses  and some e f f o r t  was appl ied  t o  t he  i n t e r -  
p r e t a t i o n  o f  such measurements. I n  t h e  g e n e r a l  p l a n e t a r y  
s l t u r t l o n ,  u n l i k e  t o p s i d e  sounding o f  t h e  E a r t h ' s  ionosphere,  
an i n i t i a l  experiment l a c k s  a s u i t a b l e  model o f  t h e  p l a n e t ' s  
magnetlc f i e l d  which i s  of utmost importance i n  t h e  i n t e r -  
p r e t r t i o n  o f  data.  However, much informat ion  can be ob ta ined  
from sounding data  concerning t h e  magnetic f i e l d ,  and t h i s  
from measurements a t  a d i s t a n c e .  

The s tudy  was c a r r i e d  ou t  u s ing  magneto-ionic theory ,  
assuming t y p i c a l  models f o r  t he  e l e c t r o n  d e n s i t y  p r o f i l e s  and 
t a k i n g  t h e  magnetic f i e l d  s t r e n g t h  and d i r e c t i o n  as v a r i a b l e  
parameters ,  Sca le  h e i g h t s  were chosen based upon an  i so the rma l ,  
cons tan t -g  model wi th  t h e  c o n s t i t u e n t s  i n  d i f f u s i v e  equ i l ib r ium.  
Although t h e  r e s u l t s  appear  most u se fu l ,  t h e y  r e q u i r e  f u r t h e r  
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t r ea tmen t  and conf i rma t ion  f o r  models w i t h  d i p o l e  f i e l d s ,  
i n v e r s e  squa re  g r a v i t a t i o n a l  f o r c e s ,  and t empera tu re  d i s -  
t r i b u t i o n s  s i m i l a r  to t h o s e  found from E a r t h  b a c k s c a t t e r  
measurements. F u l l e r  d e t a i l s  of t h e s e  s t u d i e s  a r e  d e s c r i b e d  
i n  Sec t ion  4 .  

S e c t i o n  2 c o n t a i n s  a g e n e r a l  summary of t h e  p e r t i -  
nent  knowledge concerning Mars and Venus and t h e  t h e o r e t i c a l  
t r e a t m e n t s  of t h e i r  upper  a tmospheres  and ionospheres .  T h i s  

i n fo rma t ion  was a p p l i e d  i n  e s t a b l i s h i n g  s u i t a b l e  models and 
requi rements  f o r  an i o n o s p h e r i c  sounder  miss ion .  The r e q u i r e -  
ments a r e  a l s o  f u l l y  d e s c r i b e d  as well  as t h e  r eason ing  appro-  
p r i a t e  t o  t h e i r  s p e c i f i c a t i o n .  Various present -day  sounding 
techniques  a r e  a l s o  b r i e f l y  reviewed f o r  o r i e n t a t i o n  w i t h  

r e s p e c t  to a p l a n e t a r y  miss ion .  

S e c t i o n  5 summarizes t h e  recommendations r e s u l t i n g  
from these  s t u d i e s .  

s e v e r a l  appendices  i n  which p e r t i n e n t  mathematical  r e l a t i o n -  
s h i p s  a r e  de r ived .  

The r e p o r t  a l s o  c o n t a i n s  a bibliography and 

j 

C e r t a i n  te rminology i s  used i n  t h i s  r e p o r t ,  Most 
of  i t  i s  t h a t  common t o  t h e  i o n o s p h e r i c  p ropaga t ion  and r a d a r  
d i s c i p l i n e s .  S c a l e  h e i g h t  r e f e r r e d  to h e r e i n  i s  t h e  e l e c t r o n  
d e n s i t y  s c a l e  h e i g h t ,  which i s  u s u a l l y  t a k e n  as t w i c e  t h e  
n e u t r a l  s c a l e  h e i g h t .  The symbol H used h e r e  i s  t h e  e l e c t r o n  
d e n s i t y  s c a l e  h e i g h t  and no t  t h e  n e u t r a l  p a r t i c l e  s c a l e  h e i g h t .  
To d i s t i n g u i s h  between t h e  p ropaga t ion  modes, t h e  small  l e t -  
t e r s  o ( o r d i n a r y )  and x ( e x t r a o r d i n a r y )  a r e  used .  The u s e  of 
small l e t t e r s  a l s o  d i s t i n g u i s h e s  t h e  x-mode from t h e  commonly 
used p l a s m a  freqLency pa rame t s r  X. I n  a d d i t i o n ,  t h e  x-mode 
i s  n o t  t a k e n  as i n c l u d i n g  t h e  z-mode which may p ropaga te  f o r  

Y < 1 i f  t he  plasma f r equency  parameter  meets well-known condi -  

4 



t i o n s .  F i n a l l y ,  p ropaga t ion  i n  t h i s  r e p o r t  i s  t aken  as t h o s e  

p a t h s  which a r e  v e r t i c a l  or n e a r l y  v e r t i c a l  i n  t h e  m a i n  and 
produce r e f l e c t i o n  by t h e  ionosphere t h a t  r e t u r n s  t o  t h e  space- 
c r a f t .  A s  such, o b l i q u e  propagat ion  p a t h s  were n o t  i n c l u d e d  
nor  w h i s t l e r - t y p e  propagat ion .  This  was no t  done t o  minimize 
the  p o s s i b l e  importance o f  t h e s e  pa ths ,  b u t  ra ther  because 
the  scope of t h e  program n e c e s s a r i l y  l i m i t e d  t h e  e f f o r t s .  

5 



SECTION 2 

GENERAL DISCUSSION 

A .  THE PLANETS MARS AND VENUS 

Bas ic  d a t a  on Mars and Venus have been t a k e n  from 
1 Rasool , who h a s  compiled t h i s  i n f o r m a t i o n  from v a r i o u s  

s o u r c e s .  The d a t a  are shown i n  Table  I. 

TABLE I 
DATA ON MARS AND VENUS 

Mars 

Mean d i s t a n c e  from sun 1 . 5 2  AU 

Length of day 1.0012 
Mean e q u a t o r i a l  d i a m e t e r  6810 km 

Ear th  days  

Length of y e a r  

Mass 

1.8808 
Ear th  y e a r  

Ear th  mass 
0.1078 

Mean d e n s i t y  
2 

G r a v i t y  377 cm/sec 

0.26 + 0 . 0 2  T o t a l  i n t e g r a t e d  a l b e d o  - 

E f f e c t i v e  blackbody 
t e m p e r a t u r e  

209°K 

Venus 

0.72 AU 

12,240 km 

250 E a r t h  
days* 

E a r t h  y e a r  

Ea r th  mass 

0 .613  

0.81 

4.8 gm/cm 3 

842 cm/sec2 

0.73 

235OK 

~ ~~~ 

2 * C a r p e n t e r  and G o l d s t e i n  . 
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C e r t a i n  of t h e  numbers i n  T a b l e  I a re  n o t  ag reed  
upon by a l l  a u t h o r i t i e s .  However, t h e r e  i s  c l o s e  agreement,  
and for C,he purposes  of t h i s  r e p o r t  t h e  numbers a re  s u i t a b l e .  

Carbon d i o x i d e  i s  t h e  o n l y  g a s  i n  t h e  a tmospheres  
f i r m l y  d e t e c t e d  on both  p l a n e t s .  3-16 
d e t e c t e d  on Mars.3 
u n c e r t a i n  due t o  i t s  t h i c k  c loud  cove r ,  and f a r  l e s s  i s  known 
about i t  t h a n  Mars. There i s  c o n s i d e r a b l e  u n c e r t a i n t y  about  
t h e  s u r f a c e  p r e s s u r e  of Mars, wi th  v a l u e s  of v a r i o u s  i n v e s t i -  
g a t o r s  ranging  from 85 mbars down t o  10  mbars. 3-11 Mariner  4 
may have c l e a r e d  u p  t h i s  u n c e r t a i n t y ,  and p r e l i m i n a r y  r e s u l t s  
a v a i l a b l e  d u r i n g  t h e  w r i t i n g  of t h i s  r e p o r t  i n d i c a t e  a Surface  
p re s su re  of about  4 t o  5 mbars .  

Some H20 has been 
The atmosphere of Venus i s  f a r  more 

17, 18 

Although t h e  a tmospheres  of Mars and Venus may con- 
t a i n  any of a v a r i e t y  of g a s e s  i n  a d d i t i o n  t o  C 0 2 ,  i t  i s  
common p r a c t i c e ,  because of abundance and e x t r a p o l a t i o n  of 
t h e  E a r t h ’ s  atmosphere,  t o  t ake  n i t r o g e n  a s  t h e  major  con- 
s t i t u e n t .  
mass t o  have a t i m e  of e scape  g r e a t e r  t h a n  t h e  age  of t h e  

p l a n e t .  The exosphe r i c  tempera ture  cannot  be t o o  h igh  f o r  
t h e  assumed c o n s t i t u e n t s .  These c o n s i d e r a t i o n s  l ead  i n  t u r n  
to an ionosphere  which i s  due t o  i o n i z e d  a tomic  oxygen t h a t  
i s  s u p p l i e d  by t h e  p h o t o d i s s o c i a t i o n  of C02. 
temperature  m u s t  t h e n  be l e s s  t h a n  t h e  v a l u e  which would l ead  
t o  a n  oxygen e scape  t i m e  of abou t  3 X lo9 y e a r s .  
expected t h a t  t h e  l i g h t  g a s e s ,  hydrogen and h e l i u m ,  w i l l  have 
mainly escaped .  However, l i k e  t h e  E a r t h ,  t h e r e  may be r e s i d -  
u a l  l a y e r s  of h e l i u m  and hydrogen c o n t r i b u t e d  t o  by o u t g a s i n g  
or solar i n f l u x .  Argon and neon may a l s o  be s i g n i f i c a n t  
c o n s t i t u e n t s  of t h e  Mars and Venus a tmospheres .  

I n  any e v e n t ,  t h e  g a s e s  m u s t  be of s u f f i c i e n t  5, 10 

The exosphe r i c  

It i s  

F o r  t h i s  program, i t  was assumed t h a t  C02 was t h e  

p r i n c i p l e  source  of i o n i z e d  c o n s t i t u e n t s .  A t  some a l t i t u d e  
below t h e  peak e l e c t r o n  d e n s i t y ,  C02 was assumed most ly  
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a i s s o c i a t e d  i n t o  C O  and  0. O 2  formed by three-body recombi- 
. - a t ion  would be of some importance below t h e  peak i o n i z a t i o n  
l e v e l  and,  i n  d i f f u s i v e  equ i l ib r ium,  t h e  l i g h t e r  mass of 
azomic 0 would make i t  t h e  p r i n c i p l e  c o n s t i t u e n t  abso rb ing  
SGiar r a d i a t i o n  below 900 A .  T h i s  r ea son ing  l e a d s  t o  a 
s i zSLe-cons t i t uen t  upper  ionosphe r i c  l a y e r  of 0 f o r  bo th  
Mars  and Venus. I n  a d d i t i o n ,  i f  hydrogen and he l ium e x i s t  
a s  i ;pper  l a y e r s ,  s i m i l a r  t o  t h e  E a r t h , l g  a n o t h e r  model of 
t h e  ioAosphere could be assumed w i t h  0 t h e  p r i n c i p l e  i o n  
i- t h e  Yegion immediately above t h e  peak d e n s i t y  and He and 
?I+ ?he p r i n c i p l e  i o n s  a t  much h i g h e r  l e v e l s .  
s e i e c t e d  as  d e s c r i b e d  i n  S e c t i o n  4 based on these  cons ide r -  
a z i o n s .  

+ 

+ 
+ 

Models were 

S e v e r a l  t h e o r e t i c a l  s t u d i e s  have been made of  t h e  
a5xcsyhere and ionosphere  of Mars and Venus. The r e s u l t s  
of these  s t u d i e s  a i d e d  i n  judging  s u i t a b l e  peak l e v e l s  and 
s c a l e  h e i g h t s  for t h e  models used dur ing  t h e  program. F ig-  
Ere 1 i l l u s t r a t e s  t h e  ionosphe res  d e r i v e d  f o r  Mars by 
Dani lov,  2o Chamberlain, 21 Yanow, 22 and Norton. 23 

c a l i y  d e r i v e d  ionosphe res  of Venus were d e r i v e d  by Dani lov 
and Norton. 23 I n  a l l  cases, 0' i s  t h e  p r i n c i p a l  i o n  above 

tne peak d e n s i t y  c o n s i s t e n t  w i t h  t h e  t h i n k i n g  p r e v i o u s l y  
de s c ri  bed. 

T h e o r e t i -  
20 

For  Mars, t h e  t h e o r e t i c a l l y  d e r i v e d  peak d e n s i t i e s  
4 

and s c a l e  h e i g h t s  d i f f e r .  Yanow proposes  a peak of 2 X 10 

Norton 1 . 5  X lo5 e l /cc .  
for t h e  same o r d e r  of a u t h o r s  a r e  roughly  26, 46, 200, and 
250 k m .  T h e o r e t i c a l  s t u d i e s  by McElroy and Chamberlain 
have  been f o r  e x o s p h e r i c  t empera tu res  from about  600 t o  
1200'K. 
of a magnet ic  f i e l d  i s  v e r y  impor tan t  w i th  r e s p e c t  t o  escape  
t i m e  and t h e  e x o s p h e r i c  tempera ture .  

e l / c c ,  Dani lov  1 .5  X lo5 e l / c c ,  Chamberlain 10  5 e l / cc ,  and 

The e l e c t r o n  d e n s i t y  s c a l e  h e i g h t s  

24 

'Nor ton ' s  t empera tu res  a r e  h i g h e r  and t h e  p re sence  

9 
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For Venus, Danilov d e r i v e s  a peak i o n i z a t i o n  of 
r- 

abcu t  -t X ;03 ei/’cc w i t h  a n  upper  e l e c t r o n  s c a l e  h e i g h t  of 
about  15 kn. Nortonls  peak v a l u e  v a r i e s  w i t h  sunspot  number. 
A t  sunspot  minimum, he f i n d s  about  10 e l / c c  and a n  e l e c t r o n  
s c a i e  h e i g h t  of about  200 k m  and  a t  sunspot  maximum about  

6 

6 
X L O  e i / c c  w i t h  a s c a l e  h e i g h t  of about  500 km. Dan i lov l s  

exosphe r i c  t empera tu re  i s  v e r y  low whereas Norton u s e d  much 
h i z h e  ;” tempe ra t u  re s . 

The v a r i a t i o n  between a l l  of these t h e o r e t i c a l  
t r e a t m e n t s  i s  c o n s i d e r a b l e  and ,  i n  any e v e n t ,  t h e  r e s u l t s  
a r e  h i g h l y  s p e c u l a t i v e .  I n  choosing a p r o f i l e ,  t h e  works 
of Chamberlain and Norton were cons idered  most s i g n i f i c a n t .  
Although t h e  work performed dur ing  t h e  program was not  c r i t i -  
cal;)- c e h e n d e n t  on t h e  accu racy  of t h e  p r o f i l e  some degree  
of c c n s i s t e n c y  was a t t empted .  Furthermore,  i t  d i d  no t  matter 
whether  t h e  s e l e c t e d  p r o f i l e  was a p p l i c a b l e  t o  Mars or Venus, 
s i n c e  t h e  n a t u r e  of t h e  r e s u l t s  of t h e  p r e s e n t  s t u d y  a re  
a p p i i c a c l e  t o  e i t h e r .  Furthermore,  u n t i l  such t i m e  a s  a f r e -  
quency range f o r  sounding m u s t  be s e l e c t e d ,  such d i f f e r e n c e s  
a re  not  impor t an t .  S ince  t h e  e a r l i e s t  mi s s ions  a v a i l a b l e  f o r  
a soundiAg experiment  were d e s t i n e d  for Mars (Voyager 69, 71, 
ana  7 3 ) ,  t h e  p r o f i l e  was s e l e c t e d  based on t h e  t h e o r e t i c a l  
work f o r  Mars. Norton had used  t o o  h igh  a t o t a l  a tmospher ic  
d e n s i t y ,  s i n c e  h i s  work was based on e a r l i e r  estimates7 and 
t h e  measu remen t s  of Kaplan, P’fGnch, and Spinrad3  were no t  known 
by h i m  u n t i l  t h e  end of h i s  work. Furthermore,  Chamberlain’s  
arguments  f o r  lower  t empera tu res  were r easonab le  i n  terms of 
t h e  e scape  of a tomic  oxygen. I n  a d d i t i o n ,  t h e  peak d e n s i t y  
i s  q u i t e  u n c e r t a i n ,  s i n c e  i t  i s  c o n t r o l l e d  by t h e  recombinat ion 
and d i f f u s i o n  p r o c e s s e s  i n  t h e  peak r eg ion ,  which i n  ou r  p r e s -  
e n t  s t a t e  of knowledge a r e  q u i t e  u n c e r t a i n .  It was cons ide red  
l i k e l y  t h a t  t h e  peak d e n s i t y  could range anywhere from lo5 t o  
1 0  e l / c c  a t  a n  a l t i t u d e  of 200 t o  400 km,  t he  peak only  6 
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a f f e c t i n g  t h e  minimum p e n e t r a t i o n  f requency .  (The Mariner  4 
r e s u l t s  were n o t  a v a i l a b l e  t i l l  t h e  w r i t i n g  of t h i s  r e p o r t . )  
Consequently, a model was used  wi th  a n  0' s c a l e  h e i g h t  of 

120  km. T h i s  r e p r e s e n t s  a n e u t r a l  p a r t i c l e  exosphe r i c  tem- 
p e r a t u r e  of about  500'K. Although t h i s  may be t o o  low f o r  
Mars wi th  a magnet ic  f i e l d ,  i t  was a reasonable  cho ice  for 
computat ional  purposes .  Neve r the l e s s ,  r e su l t s  for o t h e r  
s c a l e  h e i g h t s  a r e  r e a d i l y  de te rminable  from t h e  t h e o r e t i c a l  
r e s u l t s .  I n  t h e  more complex model, i n c l u d i n g  H e  and H 

l a y e r s ,  a mean s c a l e  h e i g h t  was chosen based on a mixture Of 

H.e and H f o r  t h e  upper  r e g i o n .  

A t  t h e  s t a r t  of t h i s  program, i t  was b e l i e v e d  t h a t  
Mars had a magnetic f i e l d  based on t h e  2 1 . 2  cm o b s e r v a t i o n s  
of Davies and Wil l iams.  25 
n e t i c  f i e l d  n o r  i t s  o r i e n t a t i o n  were known. Consequently,  
i t  was dec ided  t o  i n c l u d e  t h e  magnet ic  f i e l d  a s  a n  impor tan t  
s e t  of parameters ,  and v a r i o u s  v a l u e s  of gyrofrequency and 
a n g u l a r  o r i e n t a t i o n  were assumed. The i n t e r p r e t a t i o n  of d a t a  
i n  terms of t h e  f i e l d  parameters  was cons ide red  of much s i g -  
n i f i c a n c e .  For t h e  p ropaga t ion  s t u d i e s ,  i t  was cons ide red  
s u f f i c i e n t  t o  t a k e  t h e  magnet ic  f i e l d  a s  c o n s t a n t  i n  magni- 
t u d e  and d i r e c t i o n  a t  t h e  chosen p a r a m e t r i c  v a l u e s .  S ince  
Mariner 4 h a s  r e c e n t l y  found no  s e n s i b l e  magnet ic  f i e l d  n e a r  
Mars and Mariner 2 had found t h e  same f o r  Venus, t h e  f i e l d ,  
mode s p l i t t i n g ,  and p ropaga t ion  a re  of l i t t l e  importance f o r  
Mars or Venus. The r e s u l t s  of t h e  s t u d y  a re  s t i l l  a p p l i c a b l e ,  
though s i m p l e r ,  t o  Mars and Venus. I n  t h e i r  more complex 
a s p e c t s  t h e y  a re  s t i l l  a p p l i c a b l e  t o  o t h e r  p l a n e t s  wi th  mag- 
n e t i c  f i e l d s ,  such a s  J u p i t e r  and E a r t h .  

N e i t h e r  t h e  magnitude of t h e  mag- 

B. REQUIREMENTS FOR SOUNDING 

Requirements were c o n s i d e r e d  r e l a t i v e  t o  sounding 
d i s t a n c e ,  p r e c i s i o n  of v i r t u a l  dep th  measurements,  r e s o -  
l u t i o n ,  f requency  r ange ,  we igh t ,  s i z e ,  power and o t h e r  cha rac -  
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L e r i s t i c s  dependent on f l i g h t  t r a j e c t o r y  r e l a t i v e  t o  t h e  
p l a n e t .  These requi rements  a re  cons ide red  v e r y  t e n t a t i v e ,  
s i n c e  firme? s p e c i f i c a t i o n s  can only be a p p l i e d  f o r  d e f i n i t e  
R i s s i c n s .  Consequently,  t h e  fo l lowing  d i s c u s s i o n  and r e q u i r e -  
ments were e s t a b l i s h e d  p r imar i ly  a s  a guide and f o r  s p e c i f y i n g  
parameter  ranges .  

1 
1. SOUNDING DISTANCE 

S ince  p l a n e t a r y  miss ions  may range from f l y b y s  t o  

o r b i t e r s ,  and s i n c e  such complex miss ions  could  conce ivab ly  
miss t h e i r  i n t ended  t r a j e c t o r i e s ,  r anges  from a s  f a r  ou t  a s  
f e a s i b l e  t o  near  d i s t a n c e s  a re  necessary .  
power i s  a ve ry  s i g n i f i c a n t  l i m i t a t i o n  and r e s o l u t i o n  and 
p r e c i s i o n  r e q u i r e  s tab le  equipment. 

A t  extreme ranges ,  

The maximum M a r i n e r  d i s t a n c e  provided  for t h e  p re -  
v i o u s  s t u d y  ( C o n t r a c t  NASW-513) was 40,000 km, and i t  was 
dec ided  t o  e q u a l  or bet te r  t h i s  d i s t a n c e .  P r e l i m i n a r y  i n d i -  
c a t i o n s  had shown t h a t  a range t o  100,000 k m  could be cons id-  
e red ,  and t h i s  was chosen a s  t h e  maximum range for feas i -  
b i l i t y  a n a l y s i s .  

2. PRECISION AND RESOLUTION 

P r e c i s i o n  r e fe r s  t o  t h e  i n h e r e n t  a b i l i t y  of equip-  
ment t o  measure t h e  v i r t u a l  depth of a p a r t i c u l a r  l a y e r .  
R e s o l u t i o n  i n v o l v e s  t h e  a b i l i t y  t o  s e p a r a t e  two echoes.  
Numerical v a l u e s  which should be a t t a c h e d  t o  both r e q u i r e -  
ments depend t o  a c e r t a i n  extent on t h e  s c a l e  h e i g h t  Of t h e  
p r o f i l e .  The g r e a t e r  o r  smaller the  s c a l e  h e i g h t ,  t h e  l a rge r  
or s m a l l e r  these v a l u e s  may be f o r  t h e  same degree of d e r i v e d  
i n f o r m a t i o n .  The smaller t h e  p r e c i s i o n  and r e s o l u t i o n ,  t h e  
g r e a t e r  t h e  p r e c i s i o n  o r  s t a b i l i t y  of t h e  r e q u i r e d  components. 

From t h e  s t a n d p o i n t  of p r e s e n t  p r a c t i c e  i n  sounding 
from t h e  t o p s i d e  of a n  ionosphere and because t h e  e l e c t r o n  
d e n s i t y  s c a l e  h e i g h t  may range from 100 k m  and above, 50 k m  



:.;as s e t  a s  a t a r g e t  requirement  for both p r e c i s i o n  and r e s o -  
~ a C , i o . i .  

and i t  was r e a l i z e d  t h a t  i t  might be necessa ry  t o  permi t  l e s s  
r e s o l v i n g  a b i l i t y  a t  ve ry  f a r  r anges  wi th  p r a c t i c a l  i n s t r u -  
menta t ion .  

Reso lu t ion  and p r e c i s i o n  were used p a r a m e t r i c a l l y ,  

3 .  FREQUENCY RANGE 

For t h e  expec ted  range of e l e c t r o n  d e n s i t i e s ,  a 
sou!iding frequency range from 0 . 5  t o  20 Mc was chosen. It 
was recognized t h a t  t h e  0.5-Mc lower  l i m i t  r e q u i r e s  l o n g e r  
an tennas  for e f f i c i e n c y ,  b u t  t h i s  f i g u r e  r e p r e s e n t s  a r eason-  
a b l e  compromise between power and r e f l e c t i o n s  a t  a s  h i g h  a n  
a l t i t u d e  a s  p o s s i b l e .  
des ign ,  an tennas ,  and matching networks,  t h i s  l i m i t  could  be 
extended.  
I t  i s  conce ivable  t h a t  a h i g h e r  f r equency ,  such a s  50 Mc, 
might be d e s i r a b l e  t o  o b t a i n  a good s u r f a c e  r e f l e c t i o n .  

A s  advances a re  made i n  t r a n s m i t t e r  

The upper  l i m i t  was chosen t o  p rov ide  p e n e t r a t i o n .  

4. WEIGHT, SIZE, AND POWER 

C o n s t r a i n t s  a r e  u s u a l l y  e s t a b l i s h e d  by t h e  s p e c i f i c  
A s  s p a c e c r a f t  payload c a p a b i l i t y  i n c r e a s e s  wi th  t h e  mis s ion .  

i n t r o d u c t i o n  of h i g h e r  piqopuls ive r o c k e t s ,  t h e s e  c o n s t r a i n t s  
may ease  cons ide rab ly .  
upper l i m i t s  of 25 pounds i n  we igh t ,  1 c u b i c  f o o t  i n  volume, 
and 15 watts average  power were s p e c i f i e d .  

For p r e s e n t l y  conceived mis s ions ,  

5 ORBITAL ASPECTS 

Doppler s h i f t  and range t o  t h e  p l a n e t  a r e  t h e  impor- 
t a n t  o r b i t a l  a s p e c t s .  
o r b i t e r s .  Orbi te rs  may be i n  e l l i p t i c  or c i r c u l a r  o r b i t s .  
Due  t o  energy l i m i t a t i o n s ,  f l y b y s  were approximated a s  p a r a -  
b o l i c  o r b i t s  about  t h e  p l a n e t s .  There would be no d o p p l e r  
requirement for c i r c u l a r  o r b i t s  and t h e  l a r g e s t  d o p p l e r  s h i f t  
could occur  i n  a p a r a b o l i c  o r b i t  f o r  a g i v e n  l a t u s  rectum. 
Thus, t h e  maximum d o p p l e r  s h i f t  w i l l  depend on t h e  n e a r e s t  

The m i s s i o n s  i n c l u d e  f l y b y s  a s  w e l l  a s  
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approach t o  t h e  p l a n e t .  The c l o s e r  t h e  approach i n  a pa ra -  
b o l i c  o r b i t ,  t h e  l a r g e r  t h e  dopp le r  s h i f t .  F o r  a m i s s  d i s -  

t a r x e  of 1000 km from t h e  s u r f a c e ,  t he  maximum p o s s i b l e  
r a d i a l  v e l o c i t y ,  which occurs  f o r  t h e  90 or 270 degree  t r u e  
arAo=aiy,  would be about  2 .25  km/sec f o r  Mars, o r  a d o p p l e r  
s h i f t  of 15 cps  a t  1 Me or 150 cps  a t  10 Me. For Venus, t h e  
cor-esponding q u a n t i t i e s  are 6 km/sec and 40 c p s  a t  1 Me o r  
-00 c p s  a t  10 Me. S ince  t h i s  i s  an extreme case ,  t h e  dopp le r  
s h i f t s  a r e  expec ted  t o  be l e s s .  Thus ,  a f l y b y  mis s ing  by 
-3,039 km from t h e  s u r f a c e  of Mars would cause  d o p p l e r  s h i f t s  

of acout  9 cps  a t  1 Me and 90 c p s  a t  10  Me. An e c c e n t r i c  
c r b i t e r  about  Mars w i t h  a p e r i a p s i s  of 1000 k m  and a n  a p o a p s i s  
af -0,300 kcm would r e s u l t  i n  a dopp le r  s h i f t  of 1 2 . 5  and 
125 c p s  a t  i and 10  Me, r e s p e c t i v e l y .  

The maximum range a f f e c t s  t h e  e x t e n t  of t h e  o r b i t a l  
Zcvel-age. If t h e  a p o a p s i s  of an  e l l i p t i c a l  o r b i t  i s  beyond 
+,he Taxi run  range ,  t h e n  sounding w i l l  occur  from t h e  p e r i a p s i s  
t o  t h e  maximum equipment range.  I n  a f l y b y  there  w i l l  be two 
p o i n t s  i n  t h e  o r b i t  beyond which t h e  range exceeds t h e  equip-  
ment c a p a b i l i t y .  These p o i n t s  w i l l  l i m i t  t h e  range of sound- 
i n g  or t h e  a n g u l a r  e x t e n t  of t h e  t r u e  anomaly w i t h i n  which 
sounding occurs .  

Another impor t an t  parameter  i s  t i m e  i n  o r b i t .  
When f a r  o u t ,  t h e  a n g u l a r  v e l o c i t y  i s  v e r y  small and t h e  t i m e  
f o r  sounding i s  i n c r e a s e d .  T h i s  e x t r a  t i m e  may be of con- 
s iderable  h e l p  i n  p r o v i d i n g  s u f f i c i e n t  i n t e g r a t i o n  t i m e .  
When c l o s e ,  power i s  n o t  l i m i t e d  and t h e  f a s t e r  a n g u l a r  ra te  
and reduced t i m e  p e r  sounding i s  compensated. Fo r  t h e  h i g h l y  

e l l i p t i c a l  o r b i t  d e s c r i b e d ,  t h e  nea r  a n g u l a r  ra te  i s  about  
rad/sec.  

T h i s  i s  a r a t i o  of about  30 t o  1, i n d i c a t i n g  tha t  t h e  time 
a v a i l a b l e  i s  about  30 times a s  g r e a t  f o r  sounding with t h e  

same h o r i z o n t a l  r e s o l u t i o n  a t  40,000 k m  a s  a t  1000 k m .  

rad/sec and t h e  f a r  r a t e  i s  about 3 .5  X 



Considera t ion  m u s t  a l s o  be  g iven  for p l a n e t a r y  r o t a t i o n  d u r i n g  
sounding p e r i o d s  a s  w e l l ,  p a r t i c u l a r l y  f o r  Mars. 

C .  REVIEW OF SOUNDING TECHNIQUES 

S ince  t h e  advent  of t h e  space  e r a ,  v a r i o u s  t e c h -  
n iques  have been used t o  measure t h e  E a r t h ’ s  upper  ionosphe re .  
Prominent among them a r e  t h e  p u l s e  sounding or t ime d e l a y  
measu-ring t e c h n i q u e ,  t h e  d i f f e r > e n t i a l  dopp le r  s h i f t  method, 
t h e  p o l a r i z a t i o n  change measurement, and t h e  incohe ren t  
s c a t t e r  r a d a r .  These t echn iques  w i l l  be d i s c u s s e d  r e l a t i v e  
t o  p l a n e t a r y  sounding.  

The v a r i o u s  t ime d e l a y  sounding t echn iques  r a d i a t e  
medium- and h igh- f requency  waves and measure e i t h e r  echo  t i m e  
de l ay ,  phase s h i f t ,  or f requency  s h i f t  i n t e r p r e t e d  i n  t e rms  
of t h e  e l e c t r o n  d e n s i t y  p r o f i l e .  The measurement of t h e  time 
d e l a y  of p u l s e  echoes i s  a technique  tha t .  h a s  been used on 
board space  v e h i c l e s .  Both t h e  d o p p l e r  s h i f t  and p o l a r i z a t i o n  
measurements use a coope ra t ive  ground s t a t i o n  and a space  
v e h i c l e .  I n  a v e r t i c a l  t r a j e c t o r y ,  i t  p r o v i d e s  p r o f i l e  i n f o r -  
mation. I n  a s a t e l l i t e ,  i t  p r o v i d e s  t h e  p a t h - i n t e g r a t e d  
e l e c t r o n  d e n s i t y .  Frequencies  above t h e  i o n o s p h e r i c  c u t o f f  
a r e  used s i n c e  p e n e t r a t i o n  i s  n e c e s s a r y  and t h e  s i m p l i f i c a -  
t i o n s  a t  h i g h e r  f r ,equencies  (100 Me, f o r  example) a r e  r e q u i r e d  
f o r  e a s i e r  i n t e r p r e t a t i o n  of  t h e  d a t a .  The p o l a r i z a t i o n  
change r e q u i r e s  a magnetic f i e l d ,  s i n c e  t h e  i n t e g r a n d  i n v o l v e s  
t h e  magnetic f i e l d  s t r e n g t h  a s  a p r o p o r t i o n a l  f a c t o r .  The 
doppler  s h i f t  method, however, does  n o t  depend on a magnet ic  
f i e l d .  Incoherent  s c a t t e r  h a s  been used  a s  a ground r a d a r  
f a c i l i t y  a n d  h a s  n o t  been p l aced  aboa rd  a space  v e h i c l e  a s  
y e t .  It i s  a more powerful t echn ique  i n  t h a t  i t  can  p rov ide  
temperature  and some c o n s t i t u e n t  da t a  a s  w e l l .  

During t h e  program t h e s e  t e c h n i q u e s  were reviewed 
f o r  a p p l i c a t i o n  t o  t h e  p l a n e t a r y  sounder .  It was found t h a t  
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oziy t h e  t ime-de lay  t y p e  of sounder  would be s u i t a b l e  f o r  
t h e  p e r i o d  of t h e  p r e s e n t l y  programmed m i s s i o n s ,  a l though  i t  
i s  conce ivab le  t h a t  f u t u r e  developments may y i e l d  o t h e r  s u i t -  
ab le  methods. A s  a r e s u l t ,  t h e  b u l k  of  t h e  t e c h n i q u e s  e f f o r t  
d e s c r i b e d  i n  S e c t i o n  3 i s  devoted  t o  sys tem t e c h n i q u e s  f o r  
t ime-de lay  measurements. The r eason ing  t h a t  l e a d s  t o  t h i s  

i s  d e s c r i b e d  i n  t h i s  s e c t i o n .  

1. DOPPLER SHIFT AND POLARIZATION CHANGES 

Except f o r  a n a l y t i c a l  d i f f e r e n c e s  r e s u l t i n g  from 
t h e  i n c l u s i o n  of a magnet ic  f i e l d ,  bo th  r e l a t i v e  d o p p l e r  
s h i f t  and p o l a r i z a t i o n  change f o r  h i g h e r  f r e q u e n c i e s  depenc 
on t h e  same p a t h  l e n g t h  i n t e g r a l .  
does  not  p rov ide  t h e  des i red  i n f o r m a t i o n  i n  t h e  absence  of 
a c o o p e r a t i v e  ground s t a t i o n  u n l e s s  i t  i s  p l a c e d  i n  a 
p r e s c r i b e d  e l l i p t i c  o r b i t  and s i g n a l s  a re  bounced off t h e  

p l a n e t .  
d i c t a t e s  a g a i n s t  t h i s  method. When space m i s s i o n s  have been 
advanced t o  t h e  p o i n t  where a s u i t a b l e  r e c e i v e r  or t r a n s m i t t e r  
can be p l aced  on Mars o r  Venus, a d o p p l e r  experiment  may be 

more d e s i r a b l e .  

The d o p p l e r  t echn ique  

The u n c e r t a i n t i e s  i n  accompl ish ing  such o r b i t s  

If a magnet ic  f i e l d  i s  p r e s e n t ,  however, s i g n a l s  
a t  h igh  enough f r e q u e n c i e s  bounced o f f  t h e  p l a n e t a r y  s u r f a c e  
>;ill c o n t a i n  p o l a r i z a t i o n  in fo rma t ion  which w i l l  r e s u l t  from 
two p a s s e s  through t h e  ionosphe re .  T h i s  t y p e  of experiment  
would be s imi l a r  t o  t h e  moon bounce measurements made from 
E a r t h .  It r e q u i r e s  an  o r thogona l  s e t  of r e c e i v i n g  a n t e n n a s  
w i t h  e i t h e r  s p a c e c r a f t  o r i e n t a t i o n  i n f o r m a t i o n  or a n  o r i e n t e d  
v e h i c l e .  If t h e  s p a c e c r a f t  i s  w i t h i n  a s i g n i f i c a n t  p a r t  of 
t h e  i o n o s p h e r e ,  small changes i n  s p a c e c r a f t  a l t i t u d e  produce 
s i g n l f i c a n t  changes i n  p o l a r i z a t i o n ,  s i n c e  t h e  two component 
waves are  t r a v e l i n g  a t  d i f f e r e n t  v e l o c i t i e s .  I f  t h e  space-  
c r a f t  i s  o u t s i d e  t h e  ionosphe re ,  t h e n  changes i n  a l t i t u d e  
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a r e  no t  s i g n i f i c a n t  s i n c e  t h e  component waves a re  t r a v e l i n g  
a t  t h e  same v e l o c i t y  i n  t h i s  r eg ion .  
t a t i o n  and t h e  presence  of a magnetic f i e l d ,  t h e  experiment  
i s  f e a s i b l e  if t h e  s p a c e c r a f t  i s  out  of t h e  ionosphere .  The 

informat ion  ob ta ined  i s  t h e  i n t e g r a l  of t h e  product  of t h e  

v e r t i c a l  component of t h e  magnetic f i e l d  and t h e  e l e c t r o n  
d e n s i t y  a long  t h e  v e r t i c a l  p ropaga t ion  p a t h .  

magnetic f i e l d  i s  known, t h e  e l e c t r o n  d e n s i t y  cannot  be 

r e a d i l y  e x t r a c t e d .  

Assuming a known o r i e n -  

Unless  t h e  

The p o l a r i z a t i o n  experiment  was n o t  cons ide red  
f u r t h e r  for s e v e r a l  r e a s o n s .  F i r s t ,  i t  r e q u i r e s  a magnet ic  
f i e l d  and knowledge of t h e  magnet ic  f i e l d  which i s  d i f f i c u l t  
t o  o b t a i n  wi thout  t h e  h e l p  of a n  independent  experiment .  
Second, i t  can be accomplished by modifying a t ime-de lay  
type  of experiment .  
p l a n e t  and l o c a t e  i t  r e l a t i v e  t o  t h e  ionosphere .  
comprehensive sounder  w i l l  i n c l u d e  t h e  r a d i a t i o n  of some 
p e n e t r a t i n g  f requency .  
ments r e q u i r e s  a n  e x t r a  r e c e i v e r  on a n  or thogonal  a n t e n n a .  
T h i r d ,  i t  p r o v i d e s ,  a t  b e s t ,  i n t e g r a t e d  e l e c t r o n  d e n s i t y ,  
which would be most u s e f u l  t o  have i f  i t  were i n  a d d i t i o n  
t o  p r o f i l e  i n fo rma t ion .  Consequent ly ,  i t  was cons ide red  a 
supplementary exper iment ,  or a n  experiment  t o  be recommended 
i n  t h e  even t  t h e r e  a re  s e v e r e  an tenna ,  weight ,  and power I 
c o n s t r a i n t s  which would n e c e s s i t a t e  t h e  s a c r i f i c e  of a more 
e l a b o r a t e  arrangement t o  measure t h e  v e r t i c a l  p r o f i l e .  

I 

I , 
A p l a n e t a r y  sounder  should  s e n s e  t h e  

Thus,  a I 

Adapta t ion  t o  p o l a r i z a t i o n  measure- 

Doppler s h i f t ,  on t h e  o t h e r  hand,  r equ i r e s  a p a t h  
l e n g t h  t h a t  changes w i t h  t i m e .  
o r b i t ,  v e r t i c a l l y  bouncing s i g n a l s  o f f  t h e  p l a n e t a r y  sur face  
w i l l  r e s u l t  i n  ve ry  slow changes i n  p a t h  l e n g t h s ,  
h o r i z o n t a l  g r a d i e n t s  g e n e r a l l y  c a n  be assumed t o  be small  
compared w i t h  t h e  v e r t i c a l  g r a d i e n t s .  
z o n t a l  g r a d i e n t  i n fo rma t ion  i s  o b t a i n e d .  

Aside from a h i g h l y  e l l i p t i c a l  

s i n c e  t h e  

A t  best  t h e n ,  h o r i -  
Again t h i s  would 
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* b e  a suppiementary type  of experiment ,  t h e  prime i n t e r e s t  
beirig t h e  v e r t i c a l  p r o f i l e  which i s  not ob ta ined  by d o p p l e r  
s h i f t  even i n  t h e  i n t e g r a t e d  form. Time-delay soundings  
t aken  a long  a t r a j e c t o r y  can p rov ide  such i n f o r m a t i o n  as  
w e l l  a s  t h e  v e r t i c a l  p r o f i l e .  The same c o n s i d e r a t i o n  a p p l i e s  
t o  a o p p l e r  measurements a t  f r e q u e n c i e s  which r e f l e c t  from t h e  
ionosphere .  I n  a n  e l l i p t i c a l  o r b i t ,  t h e  p a t h  l e n g t h  change 
i s  p r i m a r i l y  a l o c a l  i o n i z a t i o n  measurement, and a s u i t a b l e  
o r b i t  may be d i f f i c u l t  t o  accomplish.  

The p r i n c i p l e  u s e  f o r  dopp le r  s h i f t  i s  f o r  measuring 
c ;he s p a c e c r a f t ' s  r a d i a l  component of v e l o c i t y .  A s  such i t  
jecomes a subsystem problem t h a t  may be impor t an t  i n  one or 
o t h e r  ve-s ions of a t ime-de lay  sounding system. 

2 .  INCOHERENT SCATTER RADAR 

T h i s  type  of system o p e r a t e s  a t  UHF or VHF. It has 

been very  s u c c e s s f u l  a s  a ground experiment .  I n  a s p a c e c r a f t  
$here a r e  s e v e r a l  d i f f i c u l t  problems t o  encoun te r .  To  beg in  
w i %  i t  r e q u i r e s  c o n s i d e r a b l e  power, we igh t ,  and s i z e .  Only 

t h e  l a r g e s t  s p a c e c r a f t  could  be cons ide red  capable  of c a r r y -  
i n g  i t  i?' i t s  p r e s e n t  form. The s c a t t e r e d  s i g n a l  i s  v e r y  
s m a l l .  On t h e  ground t h e  ground c l u t t e r  i n t e r f e r e s  w i t h  the  
FeceLt ion  of d a t a  from t h e  f i rs t  150 t o  200 k m  of t h e  r a d a r .  
The ground r e f l e c t i o n  i n  a s p a c e c r a f t  would be ve ry  s t r o n g  
compared w i t h  t h e  s c a t t e r e d  s i g n a l .  Unless  c a r e  were t a k e n  
t o  a v o i d  r e c e i v e r  b locking ,  t h e  smal l  b a c k s c a t t e r e d  s i g n a l  
could  be l o s t .  Ground r e f l e c t i o n s  could  a l s o  be p icked  up 
by an tenna  s i d e  l o b e s .  On t h e  ground la rge  antenna  s t r u c -  
t u r e s  a r e  used .  A t  400 Me, both  85- and 200-foot an tenna  
d i s h e s  are  r e q u i r e d .  A l a r g e  antenna s t r u c t u r e  would be 

needed f o r  a s p a c e c r a f t  a s  w e l l .  Cons iderable  t i m e  can be 

t a k e n  t o  i n t e g r a t e  t h e  weak b a c k s c a t t e r e d  s i g n a l  i n  a ground 
i n s t a l l a t i o n .  The e x t e n t  of equipment r e q u i r e d  i n  a space-  
c r a f t  may no t  be feas ib le ,  and t h e r e  may n o t  be s u f f i c i e n t  



time since the spacecraft is not stationary. Extremely low 
noise receivers also would be required in a spacecraft. We 
are presently on the forefront of using such equipment in 
Earth satellites. To use such equipment in a planetary mis- 
s i o n  is premature at present. 

Backscatter techniques may eventually be adaptable 
to space use. F o r  the present, it was considered well beyond 
the state of the art and was not considered further. 
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SECTION 3 
SOUNDING TECHNIQUES STUDY 

A .  INTRODUCTION 

The s c i e n t i f i c  o b j e c t i v e s  s e t  f o r t h  i n  the  p r e v i o u s  
s e c t i o n s  f o r  a mis s ion  t o  Mars o r  Venus can  be accomplished 
u s i n g  t e c h n i q u e s  which have proven s u c c e s s f u l  i n  o u r  observa-  
t i o n s  of the E a r t h ' s  i onosphe re .  
and medium-frequency r e g i o n  have long provided  v e r t i c a l  b o t -  
torriside soundings  and,  more r e c e n t l y ,  t o p s i d e  soundings  from 
s a t e l l i t e s  t o  e s t ab l i sh  e l e c t r o n  d e n s i t y  p r o f i l e s .  Although 
t h e  method i s  w e l l  e s t ab l i shed ,  the  a p p l i c a t i o n  t o  p l a n e t a r y  
f l i g h t s  becomes d i f f i c u l t  due t o  l i m i t e d  a v a i l a b l e  power, high 
cosmic n o i s e  l e v e l s ,  and fa r  g r e a t e r  d i s t a n c e  v a r i a t i o n s  o v e r  
which the  sounding equipment must o p e r a t e .  

Radars o p e r a t i n g  i n  the h igh -  

The purpose o f  t h e  t echn iques  s t u d y  was t o  p rov ide  
t h e  p a r a m e t r i c  r e l a t i o n s h i p s  and systems approach  which may 
be used i n  de t e rmin ing  the  r equ i r emen t s  and s p e c i f i c a t i o n  f o r  
a Mars o r  Venus m i s s i o n .  
h e l p f u l  f o r  o t h e r  p l a n e t a r y  m i s s i o n s .  

T h i s  pa rame t r i c  s t u d y  w i l l  also be 

1. OBJECTIVES 

The o b j e c t  o f  t h e  t echn iques  s t u d y  i s  t o  p rov ide  a 
u s e f u l  s e t  o f  data i n  p a r a m e t r i c  form from which a c o n c i s e  
estimate of  a l l  r equ i r emen t s  and s p e c i f i c a t i o n s  f o r  a p l a n e t a r y  
m i s s i o n  t o  Mars o r  Venus might be drawn. 

The s t u d y  i n c l u d e s  t h e  r e l a t i o n s h i p  o f  m i s s  d i s t a n c e  
o r  o r b i t a l  height ,  power, r e s o l u t i o n ,  a n t e n n a  r equ i r emen t s ,  
and f r equency ,  and the  p a r t i c u l a r  c o n s t r a i n t s  imposed by a 
s p e c i f i c  m i s s i o n .  
t a g e s  and d i s a d v a n t a g e s  of  e a c h  are c o n s i d e r e d .  

The v a r i o u s  t y p e s  o f  modula t ion  and advan- 
The a p p l i c a -  
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~ 

t i o n  of the data to assumed specific missions is given, as 
well as recommendations for a system applicable to the 
requirements currently anticipated for an early mission to I 
Mars . I 

1 

The range of parameters for general use in this 
study will attempt to cover the most probable applications 

2. CONDITIONS I 
The following conditions have been imposed for this 

study: 

1. Multiple ionospheric echoes are expected 
to be observed and must be resolved. 

2. The planet's ionosphere has specular 
properties and minimal diffusion of return 
echoes will occur. 
The latest and best known values of cosmic 
noise level should be used. 
The spacecraft orientation to the planet 
will be known, as determined by suitable 
sensors. 

5. Provisions can be made to equip the space- 
craft with at least one set ( o r  preferably 
two sets) of erectable dipole antennas which 
will be oriented parallel to the planet's 
surface. 

3 .  

4 .  

1 

3. RANGE OF PARAMETERS 

Di s t anc e 1000 to 100,000 km 
Re so lu t ion 1 to 100 km 

Frequency range 0.5 to 20 Mc 
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Primary power 
Weight 
S i z e  

15 w a t t s  m a x i m u m  
25 pounds maximum 
1 cubic  f o o t  maximum 

4 .  TYPES OF MODULATION 

The methods of modulat ion cons ide red  i n  t h i s  s tudy  
can  be g e n e r a l i z e d  under  t h r e e  b a s i c  types :  p u l s e  ( a m p l i t u d e ) ,  
phase,  o r  f requency .  

All o t h e r  modulat ion types  can  be cons ide red  as 
s p e c i a l  c a s e s  of t h e s e  b a s i c  t y p e s .  To convey a g i v e n  amount 
of  i n fo rma t ion  p e r  pe r iod  of  t i m e  from a t r a n s m i t t e r  t o  a 
r e c e i v e r  un ique ly  de t e rmines  t h e  bandwidth r equ i r emen t s  inde-  
pendent of modulat ion method. Likewise,  t h e  energy  r e q u i r e d  
t o  convey t h i s  in fo rma t ion  i s  independent  o f  modula t ion .  The 
system complexi ty  can be a f f e c t e d  by t h e  choice  of modulat ion 
method; however, b a s i c  l i m i t a t i o n s  normally e x i s t i n g  i n  each  
method r e q u i r e  t r a d e o f f  c o n s i d e r a t i o n s  f o r  each  s p e c i f i c  sys- 
tem. 

B. GENERAL PARAMETERS 

The t echn iques  s t u d y  can  be d iv ided  i n t o  g e n e r a l  
and s p e c i f i c  parameter  p o r t i o n s .  The g e n e r a l  p o r t i o n  w i l l  
cover  t h o s e  c h a r a c t e r i s t i c s  which a r e  b a s i c  t o  any system 
r e g a r d l e s s  of type  of modulat ion or  s i g n a l  improvement t e c h -  
n i q u e s .  The fo l lowing  paragraphs  cover  t h e  g e n e r a l  a s p e c t s .  

1. RECEIVED POWER 

The c l a s s i c a l  r a d a r  equa t ion  g i v e s  a r e c e i v e d  power 
PR, which i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  f o u r t h  power of 
range  R: 

2 2  PTGT X 0 

pR - ( 4 7 ~ ) ~  R4 
- 
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This  i s  a p p l i c a b l e  when t h e  t a rge t  area i s  s m a l l  and i n t e r -  
c e p t s  o n l y  a small p o r t i o n  of  t h e  r a d i a t e d  ene rgy .  T h i s  
c o n d i t i o n  p r e v a i l s  when sounding a p l a n e t  from large d i s -  
t a n c e s .  When t h e  ta rge t  s i z e  becomes l a r g e ,  such as when 
sounding a p l a n e t  from low a l t i t u d e s ,  a g rea t e r  p o r t i o n  of 
t h e  r a d i a t e d  power i s  i n t e r c e p t e d  and r e f l e c t e d .  Consequent ly ,  
a more i n c l u s i v e  d e r i v a t i o n  w i l l  be r e q u i r e d  t o  cover  b o t h  
a s p e c t s .  

a .  FLAT-PLANE APPROXIMATION 

It i s  assumed t h a t ,  below t h e  maximum p l a s m a  f r e -  
quency, t h e  ionosphere  would approximate a s p e c u l a r  s p h e r i c a l  
r e f l e c t o r .  A t  small a l t i t u d e s  i n  comparison t o  t h e  r a d i u s  of  
t h e  sphere ,  a f l a t - p l a n e  approximat ion  ( F i g u r e  2A) may be made. 
Using S n e l l ' s  l a w  f o r  r e f l e c t i n g  i n c i d e n t  r a y s ,  t h e  power I 

d e n s i t y  ( p )  s een  by t h e  sou rce  i s  t h a t  which would be r a d i a t e d  
by an image source  ( S ' )  l o c a t e d  a t  a d i s t a n c e  h behind t h e  
p l ane .  

I 

For a t r a n s m i t t e d  power PT,  and an tenna  g a i n  e q u a l  t o  I 

u n i t y  I 

The e f f e c t i v e  area of t h e  r e c e i v i n g  i s o t r o p i c  an tenna  assuming I 

u n i t y  g a i n  i s  A / ( ~ T T ) .  
and a range  e q u a t i o n  of t h e  form 

2 There r e s u l t s  a r e c e i v e d  s i g n a l  power PR 
I 

2 
prn A 

b .  SPECULAR SPHERE 

A more e x a c t  s o l u t i o n  u s e s  t h e  geometry of  F igu re  2B. 
Because of t h e  c u r v a t u r e  o f  t h e  s p h e r e ,  r e f l e c t e d  r a y s  d i v e r g e  
cons ide rab ly  more t h a n  for t h e  f l a t - p l a n e  approx ima t ion .  A s  a 
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I 
A. F L  A T P L A N €  A P P R O X I M A T I O N  

e. SPHERICAL SURFACE CASE 

FIGURE 2.  FLAT-PLANE A N D  SPHERICAL CONFIGURATIONS 
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r Z s L ; l t ,  t h e  r ece ived  power d e n s i t y  a t  S i s  reduced from t h e  
f l a t - p l a n e  c a s e .  
a t  S,  i t  may be noted t h a t  a n  appa ren t  focus  o r  image an tenna  
appears  a t  s’. 

To de termine  t h e  power d e n s i t y  i n c i d e n t  

Thus, t h e  power d e n s i t y  p1 i n c i d e n t  a t  t h e  sphe re  
due t o  source  S i s  

The power d e n s i t y  P2 due t o  an  image source  S ’  (assumed 
i s o t r o p i c )  a t  t h e  s u r f a c e  of  t he  sphere  i s  

Equat ing t h i s  t o  t h e  above, the  e q u i v a l e n t  t r a n s m i t t e d  power 
o f  S ’  i s  found t o  be 

h2 

Thus, t h e  power  d e n s i t y  p a t  S due t o  image source  S’  i s  

P =  
4 n ( h  + R1)2 



2 Assuming an i s o t r o p i c  an tenna  of a r e a  X / ( 4 n ) ,  the  power 
i n t e r c e p t e d  by a r e c e i v e r  a t  S due t o  image source  S’ i s  

2 2  
prn R, I - - 

pR ( 4 ~ ~ ) ~ ~ h ~ ( h  + R1)* (3) 

To f i n d  t h e  appa ren t  focus  (R1), t h e  l a w s  of 
geomet r i ca l  o p t i c s  may be a p p l i e d .  The r e l a t i o n  f o r  r e f r a c -  
t i o n  a t  a s p h e r i c a l  s u r f a c e  i s :  

n n’ n’ - n 
R - + - =  

s s  

where 

n and n ’  = r e s p e c t i v e  i n d i c e s  of r e f r a c t i o n ,  
s and s ‘  = r e s p e c t i v e  d i s t a n c e s  t o  the source  

and appa ren t  source,  
R = r a d i u s  o f  t h e  sphere .  

For a r e f l e c t i v e  s u r f a c e ,  n ’  = -n, and n becomes 
an a r b i t r a r y  c o n s t a n t .  The r e l a t i o n s h i p  becomes 

o r  for t h i s  ca se  

Hence, 
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Substituting the above into the equation for received power 
yie I d s  

It can be seen that the first portion of the equa- 
tion is the flat plane approximation. 
is the result of the spherical surface and will be referred to 
as the defocusing l o s s .  As the distance from the surface 
becomes very large, this equation approaches the radar equa- 
tion with an inverse fourth power variation with distance. 

The quantity ( R d R m  + h)2 

Figure 3 shows the flat-plane approximation of the 
received power versus distance as a function of frequency for 
a transmitted power of one watt. This is the path l o s s  inde- 
pendent of planet characteristics. Separate curves show the 
defocusing loss versus distance for each planet. 

2. C O S M I C  NOISE 

The average cosmic noise level in the medium- and 
high-frequency regions in interplanetary space is still sub- 
ject to extensive measurements by experimenters. 
experiments have been conducted which provide an indication of 
the equivalent brightness factor that may be anticipated. Fig- 
ure 4 shows a range of results above 1 Me. For this study, the 
results of NASA Flight 8.33 will be used since they indicate 
the latest and possibly most accurate data thus far obtained. 
Also, since the brightness level obtained during this flight 
is higher than the norm in the applicable frequency range, it 
will ultimately provide a slightly more pessimistic indication 
of received signal-to-noise ratio ( S / N ) ,  which is to be pre- 
ferred in this type o f  study. 

Many rocket 
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Tnt  b r i g n t n e s s  f a c t o r  ( b )  i s  expressed  as 

watts - 1 1 
2 cps s t e r a d i a n  m 

Equ iva len t  n o i s e  power i s  a b t a i n e d  by m u l t i p l y i n g  by 4~ and 
t h e  e f f e c t i v e  an tenna  area. The r e s u l t i n g  e x p r e s s i o n  i s  i n  
wat t s /cps .  An e q u i v a l e n t  temperature  ( T )  may be ob ta ined  by 
e q u z t l n g  t h e  above t o  KTB, where B i s  the bandwidth and K i s  
3 a l t z r r . a -  s c o n s t a n t .  If a n  average va lue  of b r i g h t n e s s  
f a c t o r  ( b )  i s  chosen, and t h i s  i s  assumed t o  be c o n s t a n t  w i t h  

f r e q u e x y ,  a s i m p l i f i c a t i o n  of the  d a t a  p r e s e n t a t i o n  r e s u l t s .  
FigTdye 5 shows t h e  cosmic n o i s e  power ( P  ) v e r s u s  f requency  

aza  t3.2 z ? t - i a l  b r i g h t n e s s  f a c t o r .  For a f requency  range o f  
1.5 $c 13 X c J  8 maximum e r r o r  of 1.5 db r e s u l t s .  The cosmic 

en 
fo=. ax assuzed  c o n s t a n t  va lue  of b = 2 x 10 -*O wm-2(c/s)-l sr-l 

r e l a t e d  t o  t h e  b r i g h t n e s s  f a c t o r  b by: 

r-.. i m - e f o r e ,  x s i n g  the c o n s t a n t  value o f  b a l lows  a r e d u c t i o n  
of c9srr. i~ z o i s e  power w i t h  i n c r e a s i n g  f requency  of 6 db/octave.  
S i z c e  tne p a t h  loss r i ses  w i t h  i n c r e a s i n g  f requency  a t  a 6 db/ 
c c t a v e  r a t e  t h e r e  r e s u l t s  an  S/N t h a t  i s  independent  of f r e -  
quexcy Over a major  p o r t i o n  of t h e  f requency  range of  i n t e r e s t  
f rom 1.5 t o  10 Me. 

Figure  6 shows t h e  a c t u a l  improvement i n  S/N between 
1.0 and 1.8 Mc. With the  l i n e a r  approximation,  a n  a n a l y s i s  
independent  of f requency  can be made w i t h  c o r r e c t i o n s  needed 
o n l y  a t  t h e  lower f r e q u e n c i e s  and h i g h e s t  f r e q u e n c i e s .  



-120 

-I30 

Li 
E 
0 
Z -150 

. .  
2 a 

-160 

-I70 
I 2 4 6 8 I O  20 40 60 

FREQUENCY IN Mc 

F I G U R E  5 .  COSMIC N O I S E  POWER VS FREQUENCY 

32 



FIGURE 6. DIPROVED S / N  WITH DECREASE I N  C O S M I C  N O I S E  POWER 
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3. REQUIRED ENERGY 

From the relationship established for the received 
power from a specular sphere and the cosmic noise power, the 
cop.ditions can be obtained for system operation. 

The ratio of received signal power (P,) to noise 
power (PN) becomes: 

Defining the total transmitted energy as: 

E, = - -  n - P,T 
I u I 

and adding fixed losses due to mode splitting and circular 
polarization of the return signal, equation 6 becomes: 

2 
L A 2  x -_- 

[RmRY h) E’ 
pR - = ET 
pN ( 8 1 ~ h ) ~  

( 7 )  

where L is the fixed losses. It will be assumed tha3 the 
antenna gain is unity at this time. 
antenna matching will be considered separately for simplifica- 
tion, since it is a function of antenna length. 

Also, the loss due to 

If PR/PN is set equal to a required detection 
threshold level, the required total transmitted energy can be 
determined by rearranging terms: 

8nh (9) 
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, 

T h i s  r e q u i r e d  t o t a l  t r a n s m i t t e d  energy  i s  t h e  
average  t r a n s m i t t e d  power t imes t h e  t r ansmiss ion  t ime 
t h e  coherent  i n t e g r a t i o n  t ime upon r e c e p t i o n ) .  
t i o n s h i p  i s  shown i n  F igure  7 f o r  a 12 .5  db t h r e s h o l d .  

4 .  

( o r  
The r e l a -  

EFFECT OF RESOLUTION ON BANDWIDTH 

The d e s i r e d  r e s o l u t i o n  de te rmines  the r e q u i r e d  
in fo rma t ion  bandwidth.  
t i o n  s i g n a l  t o  t r a v e r s e  one r e s o l u t i o n  element  AR i s :  

The round- t r ip  t i m e  f o r  the modula- 

2 AR 7 = -  
C 

where c i s  t h e  v e l o c i t y  of l i g h t .  The r e q u i r e d  in fo rma t ion  
bandwidth B, which w i l l  f a i t h f u l l y  reproduce t h i s  t ime func-  
t i o n  i s :  

A s  t h e  bandwidth i s  opened t o  a l l o w  g r e a t e r  r e s o l u t i o n ,  more 
cosmic n o i s e  e n t e r s  t h e  r e c e i v e r  caus ing  a degrada t ion  of t h e  
r e c e i v e d  s i g n a l  i n f o r m a t i o n .  The r e l a t i o n s h i p  of r e s o l u t i o n ,  
bandwidth,  and e q u i v a l e n t  s i g n a l  loss r e l a t i v e  t o  a 1-cps 
bandwidth i s  shown i n  F igure  8. 

5 .  ANTENNA MATCHING 

It was assumed f o r  t h i s  s tudy t ha t  d i p o l e  an tennas  
would be used ,  s i n c e  t h e y  r e p r e s e n t  t h e  most a d a p t a b l e ,  r e l i a b l e ,  
and e a s i l y  e r e c t a b l e  an tenna  s t r u c t u r e  p r e s e n t l y  a v a i l a b l e .  
For  t h e  wavelengths  of i n t e r e s t ,  t h e  more optimum an tenna  p o l e s  
a r e  mechan ica l ly  v e r y  long b u t  e l e c t r i c a l l y  v e r y  s h o r t .  A t  t h e  
l o n g e r  wave leng ths ,  t h e  an tenna  pole  impedance can  normal ly  be 
r e p r e s e n t e d  by a v e r y  small r a d i a t i o n  r e s i s t a n c e  i n  s e r i e s  
w i t h  a l a r g e  c a p a c i t i v e  r e a c t a n c e .  T h i s  combinat ion i s  shunted 
by t h e  po le -base  c a p a c i t a n c e .  
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The t r a n s m i t t e r  and r e c e i v e r  must be a con juga te  
impedance match t o  t he  e q u i v a l e n t  an tenna  impedance t o  min- 
imize l o s s e s .  S ince  a c c u r a t e  v a l u e s  of t h i s  e q u i v a l e n t  
impedance were n o t  a v a i l a b l e ,  a computer program was es tab-  
l i s h e d  and d a t a  ob ta ined  of  monopole impedance v e r s u s  f r e -  
quency f o r  v a r i o u s  po le  l e n g t h s  i n c l u d i n g  the e f f e c t  of  t h e  
nominal base  c a p a c i t a n c e .  These data are  shown i n  F i g u r e s  9 
through 14. Assuming t h e  major matching loss t o  be the  r e s u l t  
of  the  f i n i t e  Q of the  matching c o i l s ,  t h e  computer d a t a  w a s  
used t o  de te rmine  t h e  an tenna  matching network loss f o r  c o i l  Q’S 
of  100 and 200. These l o s s e s  v e r s u s  f requency  f o r  s e v e r a l  mono- 
po le  l e n g t h s  are shown i n  F i g u r e s  15 and 16, r e s p e c t i v e l y .  

C .  TYPES.OF MODULATION 

Three b a s i c  t y p e s  of modulat ion have been con- 
s i d e r e d  i n  t h i s  s tudy :  p u l s e ,  phase ,  and f requency  modula t ion .  
Various combinat ions of  t h e s e  b a s i c  t y p e s  can  and have been 
used i n  many v a r i e d  a p p l i c a t i o n s  t o  o b t a i n  complex modula t ions .  
The s p e c i f i c  a p p l i c a t i o n  normally d i c t a t e s  the  r equ i r emen t s  
f o r  t hese  complex t y p e s .  

The obvious need f o r  modula t ion  i s  t o  a p p l y  i n f o r -  
mation t o  a c a r r i e r  so as t o  convey i n t e l l i g e n c e  of  some form 
between t r a n s m i t t e r  and r e c e i v e r .  The sys tem bandwidth d e t e r -  
mines t h e  r a t e  a t  which t h i s  t r a n s f e r  t akes  p l a c e ,  and the 
energy involved  i n  t he  t r a n s f e r  d e t e r m i n e s  t he  p r o p a g a t i n g  
d i s t a n c e  which may e x i s t  between t r a n s m i t t e r  and r e c e i v e r .  
These p r i n c i p l e s  a p p l y  independen t ly  o f  t y p e  o f  modula t ion .  
Usual ly  phase and f r equency  modula t ion  are a p p l i e d  because  
t h e y  spread  the  bandwidth,  r e s u l t i n g  i n  S/N improvements ove r  
ampli tude modula t ion .  However, good S/N are r e q u i r e d  b e f o r e  
d e t e c t i o n  f o r  such improvements. I n  r a d a r ,  t he  t r a n s m i t t e d  
s i g n a l  i s  known and optimum approaches  are  based  on f i l t e r  
des igns  which are  r e l a t e d  t o  t h i s  s i g n a l .  T h i s  i s  d i f f e r e n t  
from communications i n  which a large number of signals may be 

38 



39 



10,000 

I O 0 0  

m u )  
I S  
T I  
0 0  

5 z 100 

p - "  
- -  
o m  

w w  
U l J  
z z  u a  
I - +  
m u  
; i ; G  
w w  
u a  
w w  
? ?  

10 
w w  
I L L  
I L L  
w w  

I 

I1 I I  I I I I I I I I I I I I I I I I I 
0 I 2 3 4 5 6 7 8 9 IO II 12 13 14 15 16 17 18 

FREOUENCY ( M C / S )  

FIGURE i o .  MONOPOLE ANTENNA IMPEDANCE (30 FOOT) 

40 



w w  

I - +  u u  
w w  
I L L  
I L L  
w w  

I - >  

0,000 

I O 0 0  

too 

I O  

I 

FREOUENCY IN Mc 

FIGURE 11. MONOPOLE ANTENNA IMPEDANCE (60 FOOT) 

41 



10.000 

I O 0 0  

I 

0 I 2 3 4 5 6 -  7 8 9 I O  

FREOUENCY IN Mc 

FIGURE 1 2 .  MONOPOLE ANTENNA IMPEDANCE (75 FOOT) 

42 



I 
a. 
u 

W u z 
e 

ln 
w 

a 
L" 

a 
W 

e u 
W 
Y 
LL 
W 

I 

I0,OOO I I I I I I 

I O 0 0  

u) 

I00 
0 
z 
h 

X' 
u 

W 
I 
c 
v 
LL I O  
LL 
W 

I 

0 I 2 3 4 

FREOUENCY IN Mc 

5 6 

FIGURE 13. MONOPOLE ANTENNA IMPEDANCE (go FOOT) 

43 



I O . 0 0 0  

1000 

I 

0 I 2 3 4 

FREQUENCY IN Mc 

5 6 

FIGURE 1 4 .  MONOPOLE ANTENNA IMPEDANCE (120 FOOT) 

44 



22 

20 

18 

16 

n l4 

5 
v) 12 
v) 
0 
_1 

0 

4 10 
c 
W 
v) 

a 

t a  

6 

4 

2 

0 
0 I 2 3 4 5 6 7 8 9 IO I1 12 13 14 15 16 

FREQUENCY IN MC 

FIGURE 15. ANTENNA MATCHING NETWORK INSERTION LOSS 
(Q = 100) 

45 



F R E O U E N C Y  IN MC 

FIGURE 16. ANTENNA MATCHING NETWORK I N S E R T I O N  LOSS 
( Q  = 200) 

46 



t r a n s m i t t e d ,  and t h e  r e c e i v e r  has l i t t l e  a p r i o r i  i n fo rma t ion  
about  t h e  s i g n a l .  These m a t t e r s  w i l l  be d e s c r i b e d  l a t e r  i n  
t h i s  s e c t i o n .  

1. PULSE MODULATION 

The sounder  transmits a pulse  of  t ime d u r a t i o n  ( 7 )  

e q u a l  t o  t h e  r o u n d - t r i p  t ime r e q u i r e d  t o  cover  one r e s o l u t i o n  
element  AR: 

2 AR 7 = -  
C 

where c i s  t h e  v e l o c i t y  of l i g h t .  I f  a second F l s e  i s  n o t  
t r a n s m i t t e d  u n t i l  a f t e r  t h e  r e t u r n  of  t h e  f i r s t  p u l s e ,  ambigui ty  

cannot  r e s u l t  and the d i s t a n c e  ( D )  t o  t h e  ionosphe re  i s  e q u a l  
t o  t h e  r o u n d - t r i p  p ropaga t ion  t ime T:  

T = -  2 D  
C 

If m u l t i p l e  node echoes  a r e  spaced i n  t ime by an  amount g r e a t e r  
t han  t h e  pu l se  w i d t h ,  t hey  can be r e s o l v e d .  

The pa rame t r i c  r e l a t i o n s h i p s  for p u l s e  modulat ion 
a r e  shown i n  F i g u r e s  17, 18, and 19. 

2 .  PHASE MODULATION 

If a phase-modulated s i g n a l  i s  t r a n s m i t t e d  and a 
r e t u r n  i s  ob ta ined  a f t e r  a t i m e  T = (2R)/c a t  t h e  r e c e i v e r ,  
t h e  t r a n s m i t t e d  and r ece ived  modulat ion s i g n a l s  may be com- 
pa red  i n  a phase d e t e c t o r  t o  provide  a n  o u t p u t  p r o p o r t i o n a l  
t o  t h e i r  phase  d i f f e r e n c e  

where f i s  t h e  modula t ing  f requency .  The range  i s  t h e r e f o r e  
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and A# is unambiguous only when A$ is <2n rzlians. 
unambiguous range is 

(14) 

The maximum 

This type of modulation is acceptable when only a 
single echo is involved. It has the disadvantage, when 
multiple echoes return, that the second return may have suf- 
fered a phase shift at target reflection so that it would be 
out of phase with the first return. If the strength of the 
second return is comparable to the first, almost complete 
cancellation of  the echo could occur. For this reason, phase 
modulation is not recommended when operating against more 
than one target and therefore was not considered further in 
this study. Nevertheless, a planet without a magnetic field 
and with a smooth ionosphere might prove to be a suitable 
application. In a previous contract with NASA, a breadboard 
of this type of system was developed. 

3 .  FREQUENCY MODULATION 

Frequency modulation using a triangular or sinusoidal 
wavefoi-m has the disadvantage that it can only be reliably 
used with separate antennas f o r  transmission and reception with 
considerable isolation between the two. If this isolation does 
not exist, the high transmitter power camot be kept from over- 
loading the receiver. I f  the transmitter is turned o f f  during 
the reception period, the modulation-type actually reverts to 
a complex pulse-modulated waveform. A form of this type of 
modulation is discussed as a system concept in Section 3 - D .  



D .  SYSTEM CONSIDERATIONS 

Having determined t h e  b a s i c  pa rame t r i c  r e l a t i o n -  
s h i p s  i n  S e c t i o n  3-B and reviewed t h e  b a s i c  t y p e s  of  modula- 
t i o n  i n  S e c t i o n  3 - C ,  t h e  system a s p e c t s  w i l l  now be cons ide red .  
The p resen t  s t a t e  of r a d a r  development i n c o r p o r a t e s  s e v e r a l  
optimum t echn iques  which have been s t u d i e d  r e l a t i v e  t o  p l a n e t a r y  
sounding sys tems.  

1. __ O P T I M I Z I N G  TECHNIQUES 

a .  MATCHED FILTER 

The radar r e c e i v e r  has been shown t o  e x h i b i t  optimum 
performance when i t  c o n t a i n s  a f i l t e r  network having a t r a n s -  
f e r  f u n c t i o n  which i s  t h e  con juga te  of t h e  t a r g e t  echo spectrum. 
T h i s  matched f i l t e r  forms t h e  c r o s s - c o r r e l a t i o n  between the  

r ece ived  s i g n a l  co r rup ted  by n o i s e  and a r e p l i c a  of t h e  t r a n s -  
mi t t ed  s i g n a l  which i s  des igned  i n t o  t h e  f i l t e r ' s  f requency  
response f u n c t i o n .  

The matched f i l t e r  has t h e  same ampli tude spectrum 
as t h e  s i g n a l ,  b u t  a n e g a t i v e  phase spectrum p l u s  a phase 
s h i f t  p r o p o r t i o n a l  t o  f r equency .  T h e r e f o r e ,  t h e  o u t p u t  of  
t h e  f i l t e r  i s  n o t  a r e p l i c a  of t h e  i n p u t  s i g n a l  and cannot  
be used f o r  a p p l i c a t i o n s  where t h i s  requi rement  e x i s t s .  
Regard less  of t h e  shape of  t h e  i n p u t  s i g n a l  t h e  maximum r a t i o  
of .peak s i g n a l  power t o  mean n o i s e  power i s  e q u a l  t o  (2E)/No 
where E i s  t h e  s i g n a l  energy  and N o  i s  t h e  n o i s e  power p e r  
c y c l e  o f  bandwidth.  I n  p r a c t i c e  t h e  e f f e c t  of dopp le r  s h i f t  
becomes a pr imary c o n s i d e r a t i o n .  

b .  CORRELATION RECEIVER 

The c r o s s - c o r r e l a t i o n  r e c e i v e r  g i v e s  performance 
e q u i v a l e n t  t o  t h e  m a t c h e d - f i l t e r  r e c e i v e r  b u t  i s  implemented 
i n  a d i f f e r e n t  manner. A n o i s e - f r e e  r e p l i c a  of' t h e  t rans-  
m i t t e d  s i g n a l  i s  c o h e r e n t l y  s t o r e d  or delayed  and compared 
w i t h  the r e t u r n  t a r g e t  echo s i g n a l  by m u l t i p l y i n g  t h e  two 



waveforms and ave rag ing  t h e  ou tpu t  i n  a low-pass  f i l t e ? .  
The c o h e r e n t l y  s t o r e d  o r  de layed  r e p l i c a  must be comprred 
i n  t i m e  co inc idence  w i t h  t h e  r e t u r n  s i g n a l ,  n e c e s s i t a t i x  
v a r i a b l e  s t o r a g e  or d e l a y .  Doppler channels  must be used 
t o  cover  t h e  p o s s i b l e  d o p p l e r - s h i f t e d  spec t rum.  

C .  PULSE-COMPRESSION RADAR 

Pu l se  compression i s  a s p e c i a l  fo rm of  t h e  matcned- 
L inea r  p u l s e  compression or c h i r p  r e s u l t e d  f i l t e r  r a d a r .  

f rom t h e  need t o  t r a n s m i t  greater m o u n t s  o f  energy  from 
peak-power l i m i t e d  t r a n s m i t t e r s  wi thout  l o s s  of r e s o l u t i o n  
c a p a b i l i t y .  
ampl i tude  l i n e a r  FM s i g n a l  du r ing  a d u r a t i o n  T .  

quency sweep i n c r e a s e s  from f l  t o  f2. 
FM echo i s  passed  through a pulse-compression f i l t e r  having  
t h e  p r o p e r t y  t h a t  t h e  v e l o c i t y  of p ropaga t ion  throQgh t h e  
f i l t e r  i s  a f u n c t i o n  of f requency .  
are de layed  r e l a t i v e  t o  f 
t h e  o r i g i n a l  pu l se  d u r a t i o n  T i s  compressed i n t o  a s h o r t e r  
pu l se  of  d u r a t i o n  1/B, where B = f2  - fl. Conserva t ion  o f  

energy  p rov ides  an  i n s t a n t a n e o u s  peak power which i s  E- 

t h e  o r i g i n a l  echo power. 
r a t i o . "  
e x h i b i t  t h i s  bu i ldup .  

It i s  accomplished by t r a n s m i t t i n g  a c o n s t a n t -  
T h i s  f r e -  

Upon r e c e p t i o n ,  t h e  

Frequencies  f th rough c2 1 
i n  a p r o p o r t i o n a l  manner s o  t h a t  2 

t imes 

T h i s  i s  c a l l e d  t h e  "compression 
The n o i s e  i n  t h e  r e c e i v e r  i s  random and i t  does n3t 

Since  t h e  system r e s o l u t i o n  i s  determined by t h e  
bandwidth B, i n c r e a s e d  compression r a t i o s  can be obta ined  
wi thou t  l o s s  of r e s o l u t i o n  by i n c r e a s i n g  t h e  t r a n s m i s s i o n  
d u r a t i o n  T. I n  p r a c t i c e ,  a s l i g h t  l o s s  of  r e s o l u t i o n  dGes 

occur ,  and t h e  l i m i t a t i o n s  of t h i s  system depend upon t h e  
a b i l i t y  t o  r e a l i z e  t h e  r e q u i r e d  f i l t e r  c h a r a c t e r i s t i c s  and 

the l i n e a r  sweep. 
a c c u r a t e l y  by d e r i v i n g  it from t h e  pulse-compression f i l fLer  
d i r e c t l y  w i t h  an impulse a p p l i e d  t o  the f i l t e r  i n  t h e  re-derse 
d i r e c t i o n .  

The p rope r  sweep may be r e a l i z e d  more 
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. 

Linea r  pulse-compression systems can be r e a d i l y  
designed f o r  good r e s o l u t i o n  wi thou t  ambigu i ty .  S ince  t h e  
f requency  components have a l i n e a r  r e l a t i o n s h i p ,  f r equency  
doppler  s h i f t  o f  t h e  r e t u r n  echo e f f e c t s  a l l  f r equency  com- 
ponents  approx ima te ly  t h e  same s o  that  a minimum of degrada-  
t i o n  and a c q u i s i t i o n  problems o c c u r .  

F i l t e r  networks have been made from lumped tapped  
de lay  l i n e s  w i t h  p h a s e - s h i f t i n g  networks a t  each  t a p ;  from 
all-pass band-pass networks;  and from a c o u s t i c a l  d i s p e r s i v e  
de l ay  l i n e s .  
p r i m a r i l y  by t h e  r equ i r emen t s  s e t  f o r t h  by c o n v e n t i o n a l  
r a d a r .  
become r e s e a r c h  and development t asks .  

The s t a t e  of  t he  a r t  has been de termined  

D i s p e r s i v e  d e l a y s  g r e a t e r  t h a n  s e v e r a l  m i l l i s e c o n d s  

S ince  t h e  s p e c t r a l  envelope  of  l i n e a r  p u l s e  com- 

Spur ious  l o b e s  a d j a c e n t  t o  
p r e s s i o n  has a r e c t a n g u l a r  shape ,  t h e  co r re spond ing  t ime 
f u n c t i o n  has a ( s i n  x)/x form.  
t h e  main lobe  can be reduced by "we igh t ing"  f i l t e r s  which 
a t t e n u a t e  t h e  f r equency  components a t  t h e  edges  of  t h e  
r e c t a n g u l a r  f r equency  band.  
lobes  can be  made 20 t o  30 db or more below t h e  main lobe  
r e spcnse ,  w i t h  r e d u c t i o n  of  t h e  S/N by t h e  o r d e r  of  1 or 2 d b .  

Reduct ion  of  t h e  t ime s i d e  ' 

Pul se  compression need n o t  be r e s t r i c t e d  t o  l i n e a r  
FM. 

form, a lmos t  any form of  f r equency  o r  phase modula t ion  may 
be u s e d .  Phase-coded p u l s e  compression u s i n g  a t r a n s m i t t e d  
d u r a t i o n  7 d i v i d e d  i n  BT i n t e r v a l s  e a c h  of 1/B d u r a t i o n  has 
been u s e d .  Phase r e v e r s a l s  of 180 d e g r e e s  can  be used  t o  
modulate each  i n t e r v a l  a c c o r d i n g  t o  a p r e s c r i b e d  code .  

I f  t h e  f i l t e r  i s  des igned  t o  match t h e  t r a n s m i t t e d  wave- 

d . INTEGRATJQN 

When t h e  r e t u r n  s i g n a l  ene rgy  i s  i n s u f f i c i e n t  f o r  
e x t r a c t i o n  from t h e  n o i s e  d u r i n g  one modula t ion  c y c l e ,  i n t e -  
g r a t i o n  of  many echo r e t u r n s  can be used  t o  r e a c h  a d e t e c t i o n  
t h r e s h o l d .  
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Coherefit i n t e g r a t i o n  i s  accomplished by c o h e r e n t l y  
deLectLng t h e  r e c e i v e d  s i g n a l  and p r e s e r v i n g  i t s  phase i n f o r -  
ziation. 30 th  s i n e  and cos ine  f u n c t i o n s  of  the s i g n a l  are 
s t o r e d  and t h e  a d d i t i o n  of success ive  samples b e f o r e  f i n a l  
r ; i reshold  d e t e c t i o n  a l lows  a d i r e c t  enhancement of  S/N. 
S/N improvement i s  l i n e a r - - t h a t  i s ,  A(S/N) 

n n b e r  of s a m p l e s .  
o r  c r o s s - c o r r e l a t i o n  d e t e c t i o n  i n t e g r a t i o n .  

The 

T h i s  i s  a l s o  r e f e r r e d  t o  as p r e d e t e c t i o n  
n ,  where n i s  the 

Eoncoherent  i n t e g r a t i o n  i s  accomplished a f t e r  
envelope d e t e c t i o n  wherein t he  phase i n f o r m a t i o n  i s  l o s t .  
Success ive  samples are s t o r e d  be fo re  f i n a l  t h r e s h o l d  d e t e c -  
t i o n  sirnilar t o  cohe ren t  d e t e c t i o n  but  i s  o n l y  l i n e a r  f o r  
S/N g r e a i e r  tha:: s e v e r a l  d b .  

L ~.?e z c l s e ,  t h e  inprovement i s  A ( S / N )  n '/*. T h i s  i s  r e f e r r e d  
t o  as  p o s t - d e t e c t i o n  or a u t o c o r r e l a t i o n  d e t e c t i o n  i n t e g r a t i o n .  
3'2gd?e 20 i l l x s t r a t e s  t h e  above improvements. F igu re  2 1  shows 
t h e  - 7 ~ x c e r  cf noncoherent ly  i n t e g r a t e d  samples v e r s u s  c o h e r e n t l y  
i.:te,-ated samples which must be added t o  a c h i e v e  t h e  same 
1-esxiti-g inpFovernent. 

When the  s i g n a l  i s  w e l l  below 

2. ?ELATION TO PLANETARY SOUNDER 

The a n t i c i p a t e d  sounding d i s t a n c e s  expec ted  w i l l  
req-Lire tine op t imiz ing  of  r e t u r n  s i g n a l  energy  r e l a t i v e  t o  
c 0 s r r - i ~  z c i s e  w i t h i n  t h e  power, weight ,  and s i z e  c o n s t r a i n t s .  
The system bandwidth w i l l  be determined by t h e  r e q u i r e d  r e s o l u -  
tion. 'the;= sounding from long d i s t a n c e s  t o  the  p l a n e t ,  the  
rnodulztion r a t e  must be kep t  low t o  avoid range  a m b i g u i t i e s .  
The i ' reqsency spectrum w i l l  c o n t a i n  s p e c t r a l  l i n e s  spaced a t  
the  modulat ion r a t e .  S ince  t h i s  r a t e  i s  low, the l i n e s  w i l l  
be c l o s e l y  spaced .  I n  a matched f i l t e r  d e s i g n ,  s e p a r a t i o n  of  
l i n e s  f rom t h e  n o i s e  r e q u i r e s  that  ex t r eme ly  a c c u r a t e  f r e -  
quenc ie s  be t r a n s m i t t e d  and accu ra t e  f requency  de termining  
components be used .  
l o c a l  o s c i l l a t o r  of  t h e  r e c e i v e r  or t h e  t r a n s m i t t e r  t o  a c q u i r e  

Means must be used t o  f requency  s lew t h e  
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t - i e  d , ? p p l e r  s h i f t e d  s i g n a l .  Assuming v e r y  narrow band-pass 
L ’ i l t 2 r . s  f o r  each  s p e c t r a l  l i n e ,  t h e  s lewing  r a t e  must be k e p t  

12\11 Lecaase of  t h e  slow response  t i m e  of t n e  f i l t e r  and t h e  

p o s s i b i l i t y  of  sweeping p a s t  t he  echo s i g n a l  w i thou t  a c q u i r i n g .  

T h i s  approach does n o t  appear  t o  be r e a d i l y  a d a p t -  
ai.1;. t o  l ong-d i s t ance  p l a n e t a r y  sounding.  

The n e c e s s i t y  of  the  c o r r e l a t i o n  r e c e i v e r  t o  main- 
t a i n  a f a i t h f u l  r e p l i c a  of  the  t r a n s m i t t e d  waveform d u r i n g  
tlie 1-ound-trip p ropaga t ion  t i m e  imposes s t r i n g e n t  r e q u i r e -  
me:its upon t h e  d e l a y  or s t o r a g e  mechanism. The pr imary power 
l i n i t a t i o n s  and the  r e l i a b i l i t y  of the  s t o r a g e  and d e l a y  t e c h -  
niques r e q u i r e d  appear  t o  i n d i c a t e  t h a t  t h i s  system i s  p r e s e n t l y  
u r - f eas ib l e  . 

The use  of  cohe ren t  and noncoherent  i n t e g r a t i o n  
shows c o n s i d e r a b l e  promise f o r  l ong-d i s t ance  sounding a p p l i c a -  
t i o n s .  Although cohe ren t  i n t e g r a t i o n  r e q u i r e s  much g rea t e r  
complexi ty ,  t h e  s i g n i f i c a n t  advantage ove r  noncoherency i n  
e x t r a c t i n g  s i g n a l  from n o i s e  d i c t a t e s  i t s  cho ice  beyond c e r -  
t a i n  r a n g e s .  

A method of  performing cohe ren t  i n t e g r a t i o n  would 
b e  t o  c o n s i d e r  an  unambiguous range  d i v i d e d  i n t o  range  e l e -  
m e n t s .  After t r a n s m i s s i o n ,  each range  element  i s  c o h e r e n t l y  
d e t e c t e d  and i t s  ampl i tude  and phase i n f o r m a t i o n  p rese rved  
i n  s e p a r a t e  s i n e  and c o s i n e  c h a n n e l s .  Each channe l  i s  con- 
ve r t ed  t o  a d i g i t a l  form and t h i s  i n f o r m a t i o n  i s  r e t a i n e d  i n  
a nondes t ruc t ive  co re  s t o r a g e  matrix de termined  by t h e  number 
of range e lements  p e r  p e r i o d  and t h e  number o f  p e r i o d s  which 
are t o  be i n t e g r a t e d .  Once the  matrix has been  f i l l e d ,  t he  
readout  i s  performed i n  a s e r i a l  f a s h i o n ,  i n  q u a d r a t u r e  from 
the  r e a d i n ,  s o  t ha t  the  f i r s t  r ange  element  i n  each  p e r i o d  i s  
s e q u e n t i a l l y  obse rved .  T h i s  p r o c e s s  i s  con t inued  f o r  e a c h  
range e lement .  The s i n e  and c o s i n e  p o r t i o n  of each  range  e l e -  
ment a r e  combined i n  a d i g i t a l - t o - a n a l o g  p r o c e s s o r  i n  t h e  form 
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o f  a bala-ced n o d u l a t o r  and the  s i g n a l  i s  conver ted  back t o  
an i n t e r m e d i a t e  f r equency .  T h i s  s i g n a l  i s  t h e n  mixed w i t h  

a f i n e  dopp le r  scan  o s c i l l a t o r  and compared w i t h  a band-pass 
d e t e c t o r .  For each  inc remen ta l  f requency change of  t h e  scan  
o s c i l l a t o r ,  t h e  matrix i s  r ead  o u t  as d e s c r i b e d .  The scan  
o s c i l l a t o r  w i l l  be s tepped  through the range o f  t h e  expec ted  
doppler f requency  s h i f t .  A t  some doppler  f requency ,  one o f  
t h e  range e lements  w i l l  p rovide  a maximum response  a t  the  

d e t e c t o r ,  t he reby  i n d i c a t i n g  t h e  range and the dopp le r  s h i f t  

The p o t e n t i a l  of pu l se  compression i s  l i m i t e d  by 
t h e  p r e s e n t  s t a t e - o f - t h e - a r t  d e l a y  l i n e s  which are a n  o u t -  
growth o f  t h e  a p p l i c a t i o n  t o  convent iona l  Ear th-based  radar. 

An obvious solution t o  far  g r e a t e r  d e l a y s  would be t o  cascade 
e x i s t i n g  networks w i t h  s u i t a b l e  a m p l i f i c a t i o n  t o  overcome t h e  
network l o s s e s .  T h e  l i m i t a t i o n  of  t h i s  t echn ique  would be 

deper_de::t ~ p o r  (1) the c o n t i n u i t y  o f  l i n e a r  d i s p e r s i v e  d e l a y ,  
(2) t h e  o v e r a l l  d e g r a d a t i o n  of  S/N due t o  network l o s s e s  u n t i l  
a x p i i f i e r  n o i s e  f i g u r e  becomes s i g n i f i c a n t ,  and (3)  when the 

s i z e  axd weight  of  t h e  network becomes e x c e s s i v e .  New d e s i g n s  
for t h i s  s p e c i f i c  a p p l i c a t i o n  us ing  much of  t he  e x i s t i n g  t e c h -  
nology might prove more f r u i t f u l  than the  above approach.  
F n t h e r  s t u d y  of t h e  d e t a i l e d  requirement  would be necessa ry .  
Recen t ly ,  new concepts  f o r  d e l a y  a p p l i c a t i o n s  have appeared 
which should be s t u d i e d  f o r  f u t u r e  u t i l i z a t i o n .  These invo lve  
exper iments  w i t h  magne toe la s t i c  wave p ropaga t ion  a t  microwave 
f r e q u e n c i e s ,  i n  v e r y  compact s t r u c t u r e s .  

For t h e  narrow bandwidths used i n  sounding systems,  
a l l - p a s s  band-pass  networks appear  t o  be the  b e s t  method of  
o b t a i n i n g  r easonab ly  long d i s p e r s i v e  d e l a y s  w i t h  a minimum 
s i z e  and we igh t .  

E .  APPLICATION TO MISSIONS 

The formula ted  d a t a  can now be used t o  de te rmine  
t h e  r equ i r emen t s  f o r  s p e c i f i c  mis s ions .  A sugges ted  procedure 
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f o r  the use  of  these  g raphs  i s  g iven  below. 
may be a p p l i e d  i n  any e x p e d i t i o u s  manner. 
cover a wide v a r i a t i o n  i n  d i s t a n c e .  I f  t he  t o t a l  d i s t a n c e  
i s  d iv ided  i n t o  i n t e r v a l s ,  these i n t e r v a l s  can  be s p e c i f i e d  
as o p e r a t i n g  modes. 

However, t h e y  
The a p p l i c a t i o n s  

1. MODES OF OPERATION 

Mul t ip l e  mode o p e r a t i o n  f o r  d i f f e r e n t  range i n t e r -  
v a l s  l e n d s  i t s e l f  t o  many p o s s i b l e  m i s s i o n s .  Each mode which 
goes t o  f u r t h e r  r anges  adds  a n  a d d i t i o n a l  complexi ty  t o  b r i n g  
up t h e  s i g n a l  l e v e l  t o  t he  s i m p l e r  system f o r  the  n e x t  c l o s e r  
range .  T h i s  ph i losophy a v o i d s  comple te ly  d i f f e r e n t  systems 
f o r  d i f f e r e n t  r anges  o r  mis s ions  and r e s u l t s  i n  a s i m p l e r ,  
more r e l i a b l e ,  o v e r a l l  approach .  I n  long-d i s t ance  sounding 
systems,  a n  a c q u i s i t i o n  mode i s  r e q u i r e d  due t o  t h e  low l e v e l s  
of t h e  r e f l e c t e d  s i g n a l s  t h a t  r e s u l t  from power l i m i t a t i o n s .  
Four modes of  o p e r a t i o n  are  s p e c i f i e d  i n  the  f o l l o w i n g  para- 
g r a p h s ;  one f o r  a c q u i s i t i o n  and t h r e e  f o r  f i n e  r ang ing  i n  
each  of  t h r e e  r e l a t i v e  range  i n t e r v a l s - - f a r ,  i n t e r m e d i a t e ,  
and n e a r .  The range i n t e r v a l s  are  d e f i n e d  r e l a t i v e  t o  the  

sounding c a p a b i l i t y  of the  system 

2 .  USE OF DATA 

The maximum o p e r a t i n g  d i s t a n c e  f o r  each  i’ange 
i n t e r v a l  i s  a f u n c t i o n  of  t h e  complexi ty  of the  sys tem.  By 
t h e  use of S/N improvement and c o h e r e n t  and/or noncoherent  
i n t e g r a t i o n  t e c h n i q u e s ,  t he  g rea t e r  d i s t a n c e s  can  be cove red .  
For l e s s e r  d i s t a n c e s ,  e i t h e r  t h e  complexi ty  or r e q u i r e d  power 
can  be r educed .  

The ava i lab le  ave rage  power f o r  t r a n s m i s s i o n  w i l l  
i n  most c a s e s  be determined by mis s ion  c o n s t r a i n t s .  The 

assumed t o t a l  pr imary power a v a i l a b l e  for t h e  f o l l o w i n g  m i s -  
s i o n s  i s  15 watts. For t r a n s m i s s i o n ,  5 watts average  a t  
50-percent e f f i c i e n c y  w i l l  be u s e d ,  t h e r e b y  consuming 10 watts 
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t o t a l .  T h i s  w i l l  l e a v e  5 watts of pr imary  power for the 

remainder  o f  the system. 

A r e q u i r e d  r e s o l u t i o n  of 75 k m  has been s p e c i f i e d  
f o r  t h e s e  a p p l i c a t i o n s .  

For  the use  of t h i s  d a t a  a modulat ion p e r i o d  must 
be de te rmined .  To avoid  ambigui ty ,  t h e  modulat ion p e r i o d  
must be greater t h a n  the r o u n d - t r i p  p r o p a g a t i o n  t i m e  f o r  t h e  
maximum working d i s t a n c e :  

By c o n s u l t i n g  F igu re  7, the t r a n s m i t t e d  energy  
r e q a i r e d  t o  o p e r a t e  ove r  a g i v e n  range  can be de te rmined .  
This  i s  t h e  product  of  t h e  average power and t r a n s m i s s i o n  
t i n e  r e q u i r e d .  If t h i s  amount of energy  i s  n o t  a v a i l a b l e  
d u r i n g  m e  modulat ion p e r i o d ,  t hen  t h e  power must be i n t e -  
grated Dver more t h a n  one modulat ion p e r i o d  upon r e c e p t i o n .  
T h i s  i s  determined by d i v i d i n g  t h e  data from F igure  7 by t h e  
average  t r a n s m i s s i o n  power t o  determine the  t ime .  I f  t h i s  

t ime i s  g r e a t e r  t h a n  one modulation p e r i o d ,  i t  should be 

d i v i d e d  by t h e  modulat ion p e r i o d  t o  de te rmine  the  number of  
samples which must be i n t e g r a t e d  c o h e r e n t l y .  If  noncoherent  
i n t e g r a t i o n  i s  t o  be  used ,  Figure 2 1  w i l l  i n d i c a t e  the num- 
ber  o f  samples r e q u i r e d .  

The an tenna  matching network l o s s e s  have n o t  
been i n c l u d e d  i n  the  e v a l u a t i o n  o f  t he  r e q u i r e d  energy  i n  
F i g u r e  7 and must now be cons ide red .  The choice  of an tenna  
po le  l e n g t h  w i l l  be determined by mounting and/or weight  
c o n s i d e r a t i o n s ,  f requency  r a n g e ,  and p e r m i s s i b l e  loss which 
w i l l  s t i l l  a l l o w  a f e a s i b l e  mis s ion .  F i g u r e s  15 and 16 for 
a n t e n n a  matching l o s s e s ,  and Figure 6 f o r  e f f e c t i v e  S/N 
improvement due t o  t h e  cosmic n o i s e  d e c r e a s e  a t  low f r e -  
q u e n c i e s ,  should  be u s e d .  Any o t h e r  S/N improvement t e c h -  
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niques  should be e v a l u a t e d  and t h e  r e s u l t a n t  loss o r  g a i n  
from t h e  above c o n s i d e r a t i o n s  used t o  modify the  power, o r  
i n t e g r a t i o n  t i m e  r e q u i r e d .  

3 .  MISSIONS 

'rhe f o l l o w i n g  assumptions w i l l  be used f o r  t h e  
missions s t u d i e d  i n  t h i s  s e c t i o n :  

1. 

2. 

3 .  

4. 

5. 

Since modulat ion methods do n o t  make s i g -  
n i f i c a n t  d i f f e r e n c e s  i n  t he  a b i l i t y  of  a 
sounder t o  o p e r a t e  over  a g iven  d i s t a n c e ,  
t he  p u l s e  sounder ,  due t o  i t s  f a m i l i a r i t y  
and s i m p l i c i t y  w i l l  be chosen as t h e  b a s i c  
sys tern. 
Antenna p o l e s  of  60- foot  l e n g t h  (120 f e e t  
t i p - t o - t i p )  w i t h  a matching network Q = 200 
w i l l  be used f o r  the  lower sounding f r e -  
q u e n c i e s .  
A pr imary o v e r a l l  range  of 1000 t o  40,000 km 
w i l l  be cons ide red  as most l i k e l y  f o r  m i s -  
s i o n s ,  w i t h  e x t e n s i o n  t o  100,000 km under  
margina l  c o n d i t i o n s .  
A l l  m i s s ions  w i l l  be  a p p l i e d  t o  Mars, which 
i s  t he  wors t  c a s e .  S i m i l a r  mi s s ions  t o  
Venus would be from 1 t o  5 db b e t t e r  ove r  
t h e  m a x i m G m  d i s t a n c e  v a r i a t i o n  covered by 
t h i s  s t u d y .  
A t r a n s m i t t e r  w i t h  a peak power of 500 watts 
and a d u t y  c y c l e  of  0 .01  w i l l  be assumed. 
T h i s  t r a n s m i t t e r  i s  f e a s i b l e  w i t h i n  the  
p r e s e n t  s t a t e  of t he  a r t  of power semicon- 
d u c t o r s  over  t h i s  f r equency  r a n g e .  

a .  - MODE_OPER&TIONS 

(1) ~ MODE 1--ACQUISITION _ ~ -  -.. ____ 

Before p r e s e n t i n g  m i s s i o n  pa rame te r s ,  t he  problem 
o f  i n i t i a l  a c q u i s i t i o n  o f  t he  r e t u r n  echo must be c o n s i d e r e d .  
S ince  i n t e g r a t i o n  w i l l  be r e q u i r e d  a t  the  f a r t h e r  r anges  t o  
extract  <he s i g n a l  from the  n o i s e ,  a range gate must be p r o -  

v ided  a t  the  time of echo r e t u r n  t o  a l l o w  optimum S/N s t o r a g e .  
Without t h i s  p r o v i s i o n  t h e  r e c e i v e r  would s t o r e  n o i s e  through-  
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o - ~ t  x ~ e  zcci- i la t ion per fod  and d e t e c t i o n  would be i m p o s s i b l e .  
I f  75-k12 r e s o l u t i o n  were d e s i r e d  a t  a 40,000-km maximum 
?z.g?, aRd s i n c e  t h e  d i s t a n c e  i s  not  known, there would be 
a TeqLirement for 40,000/75 = 533 s e p a r a t e  range gate chan- 
z e l s .  

3y prov id ing  an  a c q u i s i t i o n  mode f o r  t h e  system 
which d e t e r n i n e s  t h e  echo range  w i t h i n  1500 km, the  number 
o f  eharmels could be reduced t o  27. The system bandwidth 
i s  a l s z  red1;lced s o  that  l ess  n o i s e  e n t e r s  t h e  r e c e i v e r .  
Ozce t h e  rar-ge i s  determined w i t h i n  1500 km, normal sounding 
could s s e  t h e  same s t o r a g e  equipment t o  de te rmine  the range 
t o  75 XY.. 
20 o f  t h e  27 a v a i l a b l e .  

Tne number o f  channels  r e q u i r e d  would be 1500/75 = 

F o r  a c q u i s i t i o n  t o  40,000 km,  the  500-watt peak 
suise t r a n s r i t t e r  o p e r a t i n g  w i t h  a 0 .01 d u t y  c y c l e  p rov ides  
ar. averzge j watts of  power. A r e s o l u t i o n  of  1500 km neces-  
s i t a t e s  ( f r o m  Tigure  8) a 100-cps bandwidth and a 10-msec 
px l se  Txidtn. The modulat ion per iod  i s  t h e r e f o r e  (10 X 

0.al = 1 second. 

From F igure  7 ,  the r e q u i r e d  energy  a t  40,000 km 
i s  100 j o u l e s .  The r e q u i r e d  coherent  i n t e g r a t i o n  t ime i s  
100 Jc;_;les/5 wat ts  = 20 seconds .  

Sir,ce the  modulat ion per iod  i s  1 second, 20 coher -  
e n t l y  i r , t e g r a t e d  samples  a r e  r e q u i r e d .  The d i g i t a l  s t o r a g e  
matrix d e s c r i b e d  i n  S e c t i o n  3 - D  would r e q u i r e  a minimum of 
27 range  e lements  ( r ange -ga te  channe l s )  r e p e a t e d  20 times 
or 540 b i t s  of i n f o r m a t i o n  s t o r a g e .  If b o t h  s i n e  and c o s i n e  
channe l s  have the  ampl i tude  d i g i t i z e d  by 4 b i t s  of  informa- 
t i o n ,  a s t o r a g e  m a t r i x  i s  r e q u i r e d  o f  540 X 2 X 4 = 4320 b i t s .  

After d e t e c t i o n  wi th  a doppler  s c a n  o s c i l l a t o r ,  
f u r t h e r  noncoherent  i n t e g r a t i o n  can be used  t o  provide  a n  
o p e r a t i n g  margin.  A 10-db margin can  be ob ta ined  by approx i -  
ma te ly  14 r e p e t i t i o n s  of the above d e t e c t i o n  c y c l e .  



(2) MODE 2--FAR RANGE 

If the acquisition mode determines that the 
ionospheric range is between 20,000 and 40,000 km, mode 2 

operation commences. 
by the acquisition gate and examined in greater detail. 
obtain a resolution of 500 psec (75 km), a 2-kc bandwidth is 
required which increases the noise entering the receiver or 
an effective signal loss of 20 X (13 db). 

The approximate range is now selected 
To 

Pulse compression is used to extract the signal 
under these conditions. The 10-msec transmitter pulse is 
linearly chirped over 2 kc. Upon reception, the obscured 
signal is compressed by an all-pass time-delay network from 
the original 10-msec duration to a 500+sec duration. This 
is a compression ratio of 20 times or an increase in signal 
strength o f  13 db. 
is now at the same level obtained during acquisition but the 
resolution has been improved by a factor of 20 times. 

The signal entering the coherent detector 

Detection of the doppler-shifted return is accom- 
plished in the same manner as during acquisition except now 
the target range is known to exist within the acquisition 
gate. 
two 500 psec (75 km) elements and stored for 20 gate periods. 
The doppler ambiguity is resolved in the same manner as 
during acquisition. The gated information is envelope- 
detected and stored in a register matrix. Noncoherent inte- 
gration to provide a 10-db margin is required at the furthest 
range. 
distance at which this integration is no longer required, as 
shown in the mode 3 description below. 

This gate is 11 msec wide and is divided into twenty- 

The 20,000-km minimum range in this mode is the 

If the acquisition mode determines that the iono- 
spheric range is between 8000 and 20,000 km, mode 3 operation 
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conyences.  T n i s  mode i s  i d e n t i c a l  w i t h  mode 2 o p e r a t i o n  
except  t h a t  the noncoherent  i n t e g r a t i o n  i s  no longe r  needed 
because of decreased  p a t h  and defocus lng  loss. 

From F igure  7,  the r equ i r ed  energy  a t  40,000 k m  
w a s  100 j o u l e s .  A t  20,000 km,  t h i s  energy  i s  reduced t o  
7.25 j o u l e s  or a change of  100/7.25 = 13.a o r  11.4 db.  

The 10-db o p e r a t i n g  margin provided  by the  non- 
coherent  i n t e g r a t i o n  i s  n o t  needed. 

The 8000-km minimum range  i s  determined as the 

d i s t a n c e  below which cohe ren t  i n t e g r a t i o n  i s  no longe r  
r e q u i r e d .  The t r a n s i t i o n  i s  expla ined  i n  the mode 4 
d e s c r i p t i o n .  

( 4 )  MODE 4--NEAR RANGE 

I f  the s p a c e c r a f t  i s  between about  1000 and 
500s kr from t h e  ionosphe re ,  t h e  r ece ived  s i g n a l  l e v e l  w i l l  
Se  s .2 ' f l c l en t  f o r  noncoherent  i n t e g r a t e d  pu l se  d e t e c t i o n .  
%ne 2eq.Lis i t ion  mode w i l l  i n d i c a t e  a s h o r t  range and p l a c e  
t h e  s;Tsf,err. i:? t h i s  mode. The t r a n s m i t t e r  w i l l  radiate 
~ O O - ~ J - S ? . ~ :  pL;lses. The pulse-compression network and cohe ren t  
i r t e g r a t i o n  r r a t r i x  w i l l  be bypassed and the  incohe ren t  i n t e -  
gra t io? .  c i r c . L i t r y  w i l l  r e c e i v e  t h e  s i g n a l  d i r e c t l y .  The 
t r a n s f e r  t o  t h i s  mode can be examined by c o n s u l t i n g  F igu re  7 
f o r  t h e  c o n d i t i o n s  t h a t  f o l l o w .  

Tne 500-psec p u l s e s  (75-km r e s o l u t i o n )  occur  a t  a 
0 .01  d x t y  c y c l e ,  s o  tha t  the  modulat ion pe r iod  i s  (500 X 

0.01 = 50 x 10-3 = 50 msec. 

The t r a n s m i t t e d  energy  a v a i l a b l e  du r ing  t h i s  pe r iod  
i s  5 watts x 50 x 10 -3 = 0.25 j o u l e .  
f o r  Mars and 9500 km for Venus. A 10-db o p e r a t i n g  margin can 
be o b t a i n e d  by i n t e g - a t i n g  14 p u l s e s  noncoherent ly .  The range  
a t  which t h e  noncoherent  i n t e g r a t i o n  can  be d ispensed  w i t h  can  
be de te rmined:  ( 0 . 2 5  jou le ) / lO  = 0.025 j o u l e .  T h i s  occu r s  a t  

T h i s  occu r s  a t  7500 km 



3700 k m  for Mars and 4400 k m  for Venus. 
v e n t i o n a l  pu l se  sounder wi thout  i n t e g r a t i o n  can be used 
between 1000 k m  and a nominal 4000 k m  w i t h  more t h a n  a 
10-db o p e r a t i n g  margin.  The t r a n s i t i o n  a t  4000 km can be 
considered e i t h e r  as a s e p a r a t e  mode or a s u b s i d i a r y  mode 
s ince  t h e  i n t e g r a t i o n  can j u s t  as e a s i l y  be kep t  i n  opera-  
t i o n .  

The re fo re ,  a con- 

( 5 )  EXTENSION TO 100,000 k m  

For o p e r a t i o n  t o  100,000 km, a modulat ion pe r iod  
g r e a t e r  t h a n  

T = - -  2D - lo5 = 0.667 second 
3 x 105 C 

i s  r e q u i r e d .  The system desc r ibed  has a pe r iod  o f  1 second 
dur ing  a c q u i s i t i o n  and a t  f a r  r anges ,  s a t i s f y i n g  t h e  above 
c o n d i t i o n .  The l e v e l  of  complexi ty  of  t h e  above system 
could p o s s i b l y  be maintained i f  t h e  o p e r a t i n g  margin i s  
reduced t o  zero  a t  100,000 k m .  The noncoherent  i n t e g r a t i o n  
of 10 d b  p r e v i o u s l y  cons idered  would provide  100 j o u l e s  X 10 = 

1000 j o u l e s  and would ex tend  o p e r a t i o n  t o  73,000 k m .  The 
energy r e q u i r e d  a t  100,000 k m  i s  3500 j o u l e s .  T h i s  would 
mean cohe ren t  i n t e g r a t i o n  o f  3500 joules/100 j o u l e s  = 35X, o r  
noncoherent  i n t e g r a t i o n  ( f r o m  F igure  17) of 160 p u l s e s .  Detec-  
t i o n  would o c c u r  a t  (160 x 20)/60 2 54 minute  i n t e r v a l s .  

Although t h e  t ime i n t e r v a l s  a t  t h e s e  g r e a t  d i s t a n c e s  
a r e  l a r g e ,  t h e  a n g u l a r  r a t e  of  motion r e l a t i v e  t o  t h e  p l a n e t  
may be slow enough t o  c o n s i d e r  such t i m e  i n t e r v a l s .  Rota-  
t i o n s  o f  t h e  p l a n e t  i s  s i g n i f i c a n t  i n  t h e s e  i n t e r v a l s  as w e l l  
as changes i n  t h e  s u b - s p a c e c r a f t  p o i n t  i n  t h e  ionosphere  f o r  
sounding over  a range  of  f r e q u e n c i e s .  Aside from weight  and 
power, t h e  u l t i m a t e  l i m i t a t i o n  i n  r a n g i n g  d i s t a n c e  would 
appear t o  be t h a t  p o i n t  a t  which c o n d i t i o n s  have changed so 
d r a s t i c a l l y  i n  a measurement t i m e  i n t e r v a l  t h a t  t h e  measured 
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quantities are no longer interpretable as useful physical 
information. It is believed this point is reached before 
limitations due to the stability of elements, such as oscil- 
lators. 

By the use of noncoherent integration, operation 
is possible to 100,000 km provided an additional sliding 
range gate is used to view only 40,000-km intervals during 
acquisition. This would initially determine the distance 
withir, 40,000 km, after which operation would proceed as 
described previously. 

b. SOUNDING FREQUENCIES 

The sounding frequencies should be derived from a 
single crystal oscillator using frequency synthesis tech- 
niques. The frequency synthesizer would allow the sounding 
freqLlency to be changed in small or large increments while 
still maintaining the accuracy and stability of the crystal. 
These devices can be programmed to provide as many, or as few, 
different rrequencies as may be required by the dictates of  
the mission and the operating modes. 

e. ANTENNAS 

The matching network losses indicated in Fig- 
ures 15 and 16 illustrate the rapid degradation that occurs 
as the operating frequency is lowered. A linear approxima- 
tion was assumed for the cosmic noise power, and this approxi- 
mation was used f o r  the required energy data of Figure 7. 
The cosmic noise actually decreases below 1.8 Mc. Due to 
this decrease, the combined effects of the antenna matching 
network l o s s  and actual cosmic noise makes the signal to noise 
ratio the lowest at about 1.5 Me. 

If a given set of operating conditions and antenna 
pole length has been established and it is determined that a 
shorter pole length must be used, the lowest operating fre- 



quency w i l l  be i n c r e a s e d  by one oc tave  f o r  each  h a l v i n g  of 
t h e  an tenna  po le  l e n g t h ,  a l l  o t h e r  c o n d i t i o n s  remaining the 

same. 

Pole l e n g t h s  of 60 f e e t  were assumed i n  t h e  
prev ious  a p p l i c a t i o n s .  These would be used over  a range of 
about 0.5 t o  4 .0  Me. Above t h e  h a l f  wavelength of  t h i s  

d ipo le  a t  4 .O Mc, the  an tenna  p a t t e r n  would beg in  t o  degrade .  
For o p e r a t i o n  t o  10 Mc, a 20-foot  po le  l e n g t h  would ma in ta in  
i t s  p a t t e r n  wh i l e  a t  4.0 Me t h e  i n c r e a s i n g  matching l o s s e s  
would reduce the  o p e r a t i n g  margin by about  5 db .  

The matching networks must accommodate t h e  f r e -  
quency bands w i t h  minimum l o s s e s .  The use of f requency  
s y n t h e s i z e r s ,  as compared w i t h  swept o s c i l l a t o r ,  ass is ts  i n  
t h i s  r e g a r d ,  s i n c e  t he  f r e q u e n c i e s  may be s e l e c t e d .  

d .  ___-- FOUR-MODE SYSTEM 

A b lock  diagram of a system h a v h g  t h e  performance 
c h a r a c t e r i s t i c s  d e s c r i b e d  i s  shown i n  F igu re  22 .  A b r i e f  
d e s c r i p t i o n  o f  t h e  system i s  g i v e n  below f o r  t h e  v a r i o u s  
modes of o p e r a t i o n .  

For a c q u i s i t i o n  (mode l), t h e  f r equency  s y n t h e s i z e r  
i s  programmed t o  a sounding f r equency  whose c a r r i e r  i s  p u l s e  
modulated for 10 msec and a p p l i e d  t o  t h e  power a m p l i f i e r .  
The power  a m p l i f i e r  p rov ides  a 500-watt  peak p u l s e  t o  t h e  
matching network and a n t e n n a .  The t r a n s m i t - r e c e i v e  (T/R) 
device p r e v e n t s  damage t o  t h e  r e c e i v e r  a t  t h i s  t i m e .  The 
r e t u r n  echo picked up by t h e  an tenna  p a s s e s  through t h e  
matching network, T/R d e v i c e ,  and i s  a m p l i f i e d  by a broad-  
barid p r e a m p l i f i e r .  A f t e r  mixing,  t h e  echo i s  f u r t h e r  ampl i -  
f i e d  a t  t h e  i n t e r m e d i a t e  f r equency ,  passed through a 2-kc 
f i l t e r ,  a l i m i t e r  ( f o r  h igh  l e v e l  s i g n a l s ) ,  and a 100-cps 
band-pass f i l t e r .  
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The echo s i g n a l  i s  s p l i t  a t  t h i s  p o i n t  t o  two 
product  d e t e c t o r s  o f  t h e  coherent  d e t e c t o r .  A cohe ren t  
o s c i l l a t o r  f e e d s  one d e t e c t o r  d i r e c t l y  and t h e  o t h e r  through 
a 90-degree phase s h i f t e r .  The two d e t e c t e d  o u t p u t s  are  t h e  
s i n e  and cos ine  f u n c t i o n  of t h e  echo s i g n a l .  These wave- 
forms a r e  each  ampl i tude  d i g i t i z e d  by 4 b i t s  i n  a n  ana log-  
t o - d i g i t a l  c o n v e r t e r .  

The d i g i t a l  o u t p u t  i s  s t o r e d  and processed  i n  t h e  
coherent  s t o r a g e  r eg i s t e r /ba l anced  modulator  c i r c u i t r y  as 
desc r ibed  i n  S e c t i o n  ‘4-D and passed through a 2-kc f i l t e r .  
If the  r e s u l t a n t  s i g n a l  l e v e l  i s  s u f f i c i e n t ,  i t  exceeds t h e  
mode 1 t h r e s h o l d  and i s  d e t e c t e d .  I f  t h e  s i g n a l  l e v e l  i s  
i n s u f f i c i e n t  t o  a l l o w  t h r e s h o l d  d e t e c t i o n  w i t h  a s i n g l e  o u t -  
pu t  pu l se ,  a s e r i e s  of t h e s e  o u t p u t  p u l s e s  w i l l  be passed  
through a second a n a l o g - t o - d i g i t a l  c o n v e r t e r  and i n c o h e r e n t l y  
i n t e g r a t e d  i n  a second c o r e  matrix s imi la r  t o  t h e  cohe ren t  
s to rage  r e g i s t e r .  

When enough p u l s e s  have been s t o r e d  t o  provide  
d e t e c t i o n ,  convers ion  from d i g i t a l - t o - a n a l o g  i n f o r m a t i o n  
occurs  and t h e  mode 1 t h r e s h o l d  i s  exceeded.  One o u t p u t  of 
t h e  mode 1 t h r e s h o l d  i s  used by t h e  programmer t o  s t a r t  t h e  
nex t  mode of o p e r a t i o n  and r eadou t  t r i g g e r i n g .  A second 
output  from t h e  mode 1 t h r e s h o l d  i s  used t o  o p e r a t e  t h e  
11 msec range g a t e  s e l e c t  c i r c u i t  which ga tes  t h e  ana log-  
t o - d i g i t a l  c o n v e r t e r  for t h e  f i n e  range  i n t e r v a l s  i n  subse-  
quent  modes. 

If t h e  s p a c e c r a f t  range  i s  s u i t a b l e  f o r  mode 2 

o p e r a t i o n ,  t h e  ou tpu t  o f  t h e  modulator  p r o v i d e s  an impulse 
i n  t h e  r e v e r s e  d i r e c t i o n  t o  t h e  c h i r p  a l l - p a s s  network which 
s t r e t c h e s  and f requency  modulates  t h e  p u l s e  i n  a 2-kc band.  
T h i s  s i g n a l  i s  a p p l i e d  t o  t h e  power a m p l i f i e r  and system 
o p e r a t i o n  i s  i d e n t i c a l  t o  mode 1 o p e r a t i o n  u n t i l  t h e  o u t p u t  
of t h e  r e c e i v e r  I F  a m p l i f i e r  i s  r e a c h e d .  For a l l  f i n e  range  
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~ s ~ l v i r i g  izodes, t h e  ou tpu t  o f  t h e  I F  a m p l i f i e r  i s  swi tched  

i t e r .  T h i s  c i r c u i t r y  reduces  t h e  r equ i r ed  dynamic range  o f  
t h e  second l i m i t e r  w i t h  a minimum of  phase d i s t o r t i o n .  After 

pass ing  through t h e  2-kc band-pass f i l t e r  and second l i m i t e r ,  
t h e  s i g n a l  i s  compressed by t h e  c h i r p  all-pass network.  The 
out;=.dt af t h i s  network i s  s w i t c h e d  t o  t h e  cohe ren t  s t o r a g e  
r e g i s t e r  i n  a l l  f i n e  r ang ing  modes. The remainder  of t h e  
c i r c ’ J l t r g  i s  i d e n t i c a l  t o  mode 1 except  t h a t  t h e  a c q u i s i t i o n  
d e t e c t o r  i s  now d i s a b l e d  and the  s i g n a l  i s  i n c o h e r e n t l y  i n t e -  
g;rzteci and d e t e c t e d  i n  t h e  mode 2 t h r e s h o l d  c i r c u i t s .  

-*  v u  ? a s s  t h e  s i g n a l  th rough a 200-kc f i l t e r  and a f i r s t  l i m -  

%de 3 o p e r a t i o n  i s  i d e n t i c a l  t o  mode 2 excep t  
t h a t ,  f o r  t h e  s h o r t e r  ranges  of t h i s  mode, t h e  echo s i g n a l  
l e - J e l  -ti111 be s u f f i c i e n t  t o  a l l o w  d e t e c t i o n  by t h e  mode 3 
threshold c i r c u i t s  w i thou t  i ncohe ren t  i n t e g r a t i o n .  

Xnen t h e  near  range c o n d i t i o n s  e x i s t  f o r  mode 4 
c ? e - a t i c r ,  t h e  echo s i g n a l  w i l l  have s u f f i c i e n t  s t r e n g t h  f o r  
d e t e c k i c n  by t h e  mode 1 t h r e s h o l d  c i r c u i t s  w i thou t  coherent  
i n t e g r a t i o n ,  and t h e  system w i l l  be p laced  i n  mode 4 opera -  
“ ior , .  Tne incohe ren t  i n t e g r a t o r  c i r c u i t r y  w i l l  be swi tched  
t o  t h e  rncde 4 s i g n a l  p a t h  and d e t e c t i o n  w i l l  occur  e i t h e r  
d i r e c t l y  v i a  t h e  mode 4 t h r e s h o l d  d e t e c t o r  ( i f  t h e  echo s i g -  
n a l  s t r e n g t h  i s  s u f f i c i e n t )  o r  a f t e r  i n t e g r a t i o n  i n  t h e  
i n c o n e r e n t  i n t e g r a t o r .  

+ 

A l l  mode t h r e s h o l d  ou tpu t s  w i l l  be s e n t  t o  t h e  
p r o g r a m e r  where t h i s  data w i l l  be conver ted  t o  a d i g i t a l  
f o r m  and s e n t  t o  t h e  s p a c e c r a f t  t e l eme t ry  system a long  w i t h  

a p p r o p r i a t e  t iming  and o p e r a t i o n a l  i n f o r m a t i o n .  

e .  ESTIMATED S I Z E ,  WEIGHT, AND POWER 

Table  I1 g i v e s  a s i z e ,  weight ,  and power estimate 
f o r  t h i s  sys tem.  The an tennas  a r e  t h e  f u r l e d - t a p e  e r e c t a b l e -  
t ype  and may be extended e a r l y  i n  t h e  mis s ion .  To e r e c t  t h e  



TABLE I1 

SIZE, WEIGHT, AND POWER ESTIMATE 

Uni t  

Coherent S to rage  R e g i s t e r  
Balanced Modulator 
Mixer 
Reference O s c i l l a t o r  
Doppler Scan O s c i l l a t o r  
and Scan 
2-kc Bandwidth F i l t e r  
Analog - t o  - D i g i t a l  Con - 
v e r t e r  
Product De tec to r  ( 2 )  

90-Degree Phase S h i f t e r  
Coherent O s c i l l a t o r  
Range Gate S e l e c t  
De tec to r -Acqu i s i t i on  
Mode 3 Threshold De tec to r  
Analog -t o - D i g i t a l  Conver te r  
Incoherent  I n t e g r a t o r  
Mode 4 Threshold 
100-cps F i l t e r  
Chirp F i l t e r  
Limi te r  ( 2 )  
2-kc F i l t e r  
200-kc F i l t e r  
Receiver 
Transmit -Receive 
Mode 2 Threshold 
Power Ampl i f ie r  
Modulator 
Frequency S y n t h e s i z e r  
Matching Network 

Volume 
( c u b i c  i n c h e s )  

40 
30 

4 
16 
9 

12 
20 

20 
6 
9 
6 
4 
3 
20 
10 
3 

12 

96 
16 
12 
6 

60 
6 
3 

96 
32 
40 

108 

Weight 
(pounds)  

0.3 
0 . 2  
0.1 
0.1 
0.1 

0.2 
0.1 

0.4 
0.1 
0.1 
0.1 
0 .05  
0.05 
0.1 
0 . 2  

0 .05  
0.2 
1 .o 
0 . 2  

0 . 2  

0.1 
0.8 
0.1 
0.05 
1.3 
0.4 
0 *5 
1.5 

Average 
Power 

(wat t s )  

1 .o 
0.2 
0.02 
0.04 
0.04 

0.4 

0 . 2  

0.05 
0.05 
0.02 
0.01 
0.01 
0.4 
0 . 2  

0.01 

0.1 

0 .25  

0.01 
10 .oo 
0.5 
1 .o 



Uni t  

Programmer 
Swi tches  

TABLE I1 ( c o n t )  

V o  lune Weight 
( c u b i c  inches )  (pounds)  

72 
3 

Cabl ing ,  Cover,  and Mount- 100 
ing Space 

0.7 
0 -3 
0 05 

T o t a l  874 10.30 

Average 
Power 

( w a t t s )  
- _ _  - - - 

0.5 
0.1 

15.11 
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antennas ,  power i s  r e q u i r e d  only  once whi le  e r e c t i n g .  Based 
on p r e s e n t  p r a c t i c e ,  a 120-foot  d i p o l e  r e q u i r e s  4 watts of 
power f o r  30 minutes  and a 40-foot d i p o l e  r e q u i r e s  4 watts 
of power for 20 minutes .  

Each nonerec ted  pole  t a k e s  72 cubic  inches  of 
volume and i s  3 by 4 by 6 i n c h e s  f o r  a l l  l e n g t h s .  The 
weight of  t h e  120-foot  d i p o l e  and 40- foot  d i p o l e  combinat ion 
i s :  

Two 60-foot  p o l e s  
Two 20-foot  p o l e s  

Pounds ~- 

4 . 5  
2 . 8  

The t o t a l  weight of t h e  complete i n s t r u m e n t a t i o n  
w i t h  a 60- foot  and 20-foot  d i p o l e  i s  15.9 pounds.  
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SECTION 4 
PROPAGATION STUDIES 

Propagation properties in an ionospheric medium 
have been investigated in terms of parameters that may be 
instrumented by an ionospheric sounding experiment. The 
ionospheric electron density, magnetic field, constituents, 
and temperature of Mars and Venus are not well-known; an 
experiment using sounding techniques should be able to pro- 
vide information on the electron content and profile of the 
upper ionosphere, the magnetic field in the region, the 
exospheric temperature, the scale height and the mean ion- 
electron temperature, the solar-planetary relationships, 
and perhaps, some crude information on upper atmospheric 
composition. 

With the above physical parameters in mind, upper 
ionospheric models have been considered in terms of wave 
propagation characteristics. A uniform magnetic field was 
assumed in the study since it is assumed that a significant 
portion of the delay time occurs in the region of the reflec- 
tion point. 

At each altitude-in the ionosphere, the delay time 
depends on the local group refractive index as well as on the 
electron density gradient; the group refractive indices are 
determined from the Appleton-Hartree relation. Collisions 
are considered negligible and will be ignored in all virtual 
depth computations. Since the group refractive index is 
solely a function of normalized plasma and gyro frequencies, 
this parameter was initially examined via computations on 
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t h e  IBM 1620 computer. The t a b u l a t i o n s  and cu rves  t h u s  
ob ta ined  a re  a p p l i c a b l e  f o r  any ionosphe r i c  p r o f i l e  and, 
t h e r e f o r e ,  g roup  r e f r a c t i v e  index  computat ions a re  pre-  
s en ted  i n  t h i s  s e c t i o n  p r i o r  t o  p r o f i l e  d e s c r i p t i o n s  and 
v i r t u a l  dep th  computat ions.  

Ionosphe r i c  e l e c t r o n  d e n s i t y  p r o f i l e s  f o r  a s i n g l e  
and  double  l a y e r  ionosphere  a r e  p resen ted  i n  S e c t i o n  4-B. 
The e l e c t r o n  d e n s i t y ,  d e n s i t y  g r a d i e n t ,  and magnetic f i e l d  

a r e  t h e n  a p p l i e d  i n  t h e  v i r t u a l  dep th  i n t e g r a l  which was 
machine computed. 

P l a n e t a r y  soundings may be made from grea t  he ights .  

Since t h e  he igh t  o f  t h e  sounder  above t h e  ionosphere  on t h e  
p l a n e t  i s  u n c e r t a i n  t h e  u s u a l  procedure f o r  c a l c u l a t i n g  v i r -  
t u a l  dep th  was not  fo l lowed.  Rather ,  w e  have d e f i n e d  a d i f -  
f e r e n t i a l  v i r t u a l  dep th  which i s  t h e  inc remen ta l  d e l a y  due 
t o  t h e  medium, and  r e p r e s e n t s  t h e  d i f f e r e n c e  between t h e  
a c t u a l  e l e c t r o n  d e n s i t y  p r o f i l e  and t h e  v i r t u a l  p r o f i l e  a t  
a g iven  sounding f requency .  Th i s  i nc remen ta l  dep th  makes 
t h e  mathematical  approximation t h a t  t h e  sounding v e h i c l e  i s  
a t  i n f i n i t y ,  a l though  it may be a t  a f i n i t e  bu t  s u f f i c i e n t l y  
l a r g e  a l t i t u d e .  The approximat ion  s i m p l i f i e s  t h e  a n a l y s i s  
and  can be c o r r e c t e d  f o r  f i n i t e  h e i g h t s .  It i s  b e l i e v e d  t h a t  
i t  i s  well s u i t e d  f o r  p l a n e t a r y  s t u d i e s .  It a l s o  b r i n g s  o u t  
many i n t e r e s t i n g  p ropaga t ion  p r o p e r t i e s  o f  t h e  medium o f  
more g e n e r a l  use .  D i f f e r e n t i a l  v i r t u a l  d e p t h s  f o r  b o t h  t h e  

o r d i n a r y  (0) and e x t r a o r d i n a r y  (x) waves i n  s i n g l e - a n d  dou- 
b l e - l a y e r  p r o f i l e s  a re  p r e s e n t e d  i n  S e c t i o n  4-C, which con- 
t a i n  a n a l y s e s  and  comparisons o f  i n t e g r a n d s ,  h i g h  and low- 
frequency asymptot ic  l i m i t s  o f  d i f f e r e n t i a l  v i r t u a l  dep ths ,  

and  mod i f i ca t ions  o f  d i f f e r e n t i a l  v i r t u a l  d e p t h s  due t o  a 
f i n i t e  r a t h e r  t h a n  an  i n f i n i t e  v e h i c l e  a l t i t u d e .  
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The computed d i f f e r e n t i a l  v i r t u a l  dep ths  were 
a p p l i e d  t o  t h e  t r u e  p r o f i l e  t o  o b t a i n  t h e  t o t a l  v i r t u a l  
h e i g h t  r e l a t i v e  t o  an  assumed s u r f a c e  i n  S e c t i o n  4-D. 

A.  GROUP REFRACTIVE INDEX 

The group r e f r a c t i v e  index, ( p l )  i s  d e f i n e d  as 
t h e  f r ee - space  v e l o c i t y  d i v i d e d  by the group v e l o c i t y  of 
t h e  wave. It i s  r e l a t e d  t o  the phase r e f r a c t i v e  index  (p)  

by 

where f i s  t h e  wave or soundin frequency.  Neglec t ing  c o l -  
l i s i o n s ,  t h e  r e f r a c t i v e  index2 i s  % 

2 x(l - x) 
D w = 1 -  

where 7 

and - + s i g n s  cor respond t o  o r d i n a r y  ( 0 )  for t h e  upper  and 
e x t r a o r d i n a r y  (x) waves f o r  the  lower s i g n s .  

X, Y, and 8 a r e  t h e  u s u a l  magneto-ior,ic q u a n t i t i e s :  

normalized plasma f r equency  parameter,  (19) 
2 e N  

2 2  
= -  x =  

4n f Eom f2 ' 

77 



normalized gyro-frequency parameter  

8 = a n g l e  between magnetic f i e l d  and wave normal, 
e = e l e c t r o n i c  charge,  
m = e l e c t r o n  mass, 

E = p e r m i t t i v i t y  o f  f r e e  space  
Bo = magnetic f i e l d  i n  gauss ,  and 
0 

N = e l e c t r o n  d e n s i t y  as determined from d e n s i t y  p r o f i l e .  

Applying e q u a t i o n s  16 and 17, Budden f i n d s  t h e  

group r e f r a c t i v e  index  t o  be 

This e x p r e s s i o n  was used  t o  compute p ’ i n  t h e  g e n e r a l  ca se .  
For comparison and as  a check on t h e  c a l c u l a t i o n s ,  computa- 
t i o n s  were a l s o  made for t h e  a n g l e  8 = 23’ 16! which was 
used by Shinn and Whale . 27 

0 R e f l e c t i o n  o f  t h e  l o n g i t u d i n a l  wave, when 8 = 0 

and t h e  p l u s  s i g n  i s  used, o c c u r s  when X = 14- Y r a t h e r  
t h a n  a t  X = 1. I n  t h i s  ca se ,  t h e  e q u a t i o n  f o r  p ’  i s  g r e a t l y  
s imp1 i f i e d ; 
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+ 

A t  r e f l e c t i o n  p o i n t s  t h e  r e f r a c t i v e  index  i s  i d e n t i -  
c a l l y  z e r o  and t h e  group r e f r a c t i v e  index  i n f i n i t e  t h u s  caus-  
i n g  s i g n i f i c a n t  wave d e l a y  i n  t h i s  reg ion .  Asymptotic expres- 
s i o n s  n e a r  t h e  t u r n i n g  p o i n t  are  g iven  i n  Appendix I. 
Although assumes an  i n f i n i t e  va lue  a t  t h e  t u r n i n g  p o i n t ,  
t h e  i n t e g r a n d  of  t h e  v i r t u a l  depth i n t e g r a l  remains f i n i t e .  

F igu res  23 th rough 31 show t h e  computed r e s u l t s  with 

t h e  group r e f r a c t i v e  e q u a t i o n  2 1  f o r  v a r i o u s  pa rame t r i c  
va lues .  The a n g l e s  cons ide red  a re  0, 10, 23'16', 45, and 
90 degrees  f o r  bo th  t h e  o-and x-waves. 
f o r  1/p' ver sus  X or X/(l - + Y )  so t h a t  bo th  o r d i n a t e s  and 
a b s c i s s a e  t a k e  on v a l u e s  between z e r o  and u n i t y .  

The cu rves  a r e  p l o t t e d  

B. IONOSPHERIC ELECTRON DENSITY PROFILES 

Wave d e l a y s  i n  a l o c a l i z e d  r e g i o n  f o r  b o t h  compo- 
n e n t s  a r e  f u n c t i o n s  of t h e  r e g i o n ' s  magnet ic  f i e l d ,  e l e c t r o n  
d e n s i t y  and e l e c t r o n  d e n s i t y  g r a d i e n t .  To de t e rmine  t h e  prop- 
a g a t i o n  t ime de lay ,  i t  i s  n e c e s s a r y  t o  s p e c i f y  e l e c t r o n  den- 
s i t y  models t o  be used  f o r  c a l c u l a t i n g  d e l a y  t i m e s .  
f o l lowing  s e c t i o n ,  t h r e e  i o n o s p h e r i c  p r o f i l e s  a r e  d e s c r i b e d .  
For numerical  c a l c u l a t i o n  i t  was n e c e s s a r y  t o  s p e c i f y  s c a l e  
h e i g h t s .  The g e n e r a l  r e s u l t s  n e v e r t h e l e s s ,  a re  p r e s e n t a b l e  
i n  terms o f  a g e n e r a l  s c a l e  he ight  f o r  a s i n g l e  e x p o n e n t i a l  
p r o f i l e  and i n t e r p r e t a b l e  f o r  more complex p r o f i l e s .  

I n  t h e  

Two b a s i c  e l e c t r o n  d e n s i t y  p r o f i l e s ,  s i n g l e  expo- 
n e n t i a l  l a y e r  and double  e x p o n e n t i a l  layer  ionosphe res ,  a r e  
cons idered  i n  o r d e r  t o  compute c h a r a c t e r i s t i c  v i r t u a l  d e p t h  
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profiles, The single-layer ionosphere, as well as the lower 
layer o f  the double-layer ionosphere, is assumed to be pro- 
duced by ionized oxygen with a scale height of 120 lan, A 
scale height of  eight times that of the lower layer has been 
chosen for the upper layer of the double profile. This factor 
of eight is obtained by considering a 4 to 1 mixture of ion- 
ized hydrogen and helium, respectively, 

+ We will adopt the following designations; 0 for 

H+ represents the ionized mixture assumed for the 

+ the single-layer ionosphere and O+, H+ for the double-layered + profile. 
upper layer, 

+ +  The 0 , H+ ionosphere is considered with and with- 
out a region o f  maximum density, whereas a peak density is 
not assigned to the single-layer 0' ionosphere, 
ity of a peak density, where used, a parabolic variation is 
zssuned. Figure 32 shows these profiles plotted as plasma 
frequency, rather than density, versus altitude. The dashed 
line is the @ ionosphere and the solid line, t h e  O+, H+ pro- 
file with a region of  maximum density, In the computations + the peak density of the 0+, H+ profile is initially neglected 
and the plasma frequency is extended exponentially. 

In the vicin- 

+ 

These three profiles are described by the following 

C+ Profile 

equations for the electron density N as a function of altitude: 

N = 1.22 Y 10 7 c -z/120 electrons/cc (23 1 
+ o+, H+ Profile 

electrons/cc (24) N = 1.18 x 107E-2/120 + 3.54 x 10 4 E -z/g60 
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f o r  z> 398 km when t h e  peak d e n s i t y  i s  used  o r  f o r  a l l  z 

when t h e  peak i s  not  imposed. 
maximum d e n s i t y  i s  r e p r e s e n t e d  by 

- 
For z < 398 km the r e g i o n  of 

I n  t h e  above, z i s  t h e  a l t i t u d e  i n  k i l o m e t e r s  and 120 and 960 
9re t h e  e l e c t r o n  s c a l e  h e i g h t s  f o r  oxygen and t h e  hydrogen 
and he l ium mixture,  r e s p e c t i v e l y .  

C.  DIFFERENTIAL VIRTUAL DEPTH 

1. DEFINITION OF DIFFERENTIAL VIRTUAL DE.PTH 

I n i t i a l l y  t h e  sounding v e h i c l e  i s  taken as i n f i -  
n i t e l y  d i s t a n t  from a p l a n e t a r y  ionosphere ,  For t h i s  con- 
f i g u r a t i o n ,  t h e  v i r t u a l  dep th  equa t ion  for v e r t i c a l  propaga- 
t i o n  i s  g i v e n  by 

t Z 

h ' ( f )  = f p'dz,  
03 

where p.' = group r e f r a c t i v e  index, z = a l t i t u d e  a t  which 
wave I s  r e f l e c t e d ,  z = a l t i t u d e  from p l a n e t ' s  s u r f a c e ,  
Th i s  e q u a t i o n  i s  ambiguious due t o  t h e  i n f i n i t e  lower  l i m i t .  
To make t h e  i n t e g r a l  t r a c t a b l e ,  we wish t o  c a l c u l a t e  t h e  
i n c r e m e n t a l  d e l a y  due t o  t h e  ionosphere,  which i s  c a l l e d  t h e  
d i f f e r e n t i a l  v i r t u a l  depth ,  It i s  d e f i n e d  as t h e  v i r t u a l  
d e p t h  less t h e  a c t u a l  p r o f i l e  depth,  t h a t  i s ,  

t 

t Z 

A h ' ( f >  =I (p ' -  1 ) d z  
m 
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The lower l i m i t  p r e s e n t s  no d i f f i c u l t y  s i n c e  i t  cor responds  
t o  f r e e  space  where t h e  i n t e g r a n d  goes t o  zero.  A s i n g u l a r -  
i t y  ex is t s  a t  t h e  upper  l i m i t ,  s i n c e  i t  i s  a t u r n i n g  p o i n t ,  
a t  which p o i n t  t h e  i n t e g r a n d  i s  i n f i n i t e .  By a s u i t a b l e  
t r a n s f o r m a t i o n  o f  v a r i a b l e s ,  however, t h e  r e s u l t i n g  i n t e g r a n d  
remains f i n i t e  th roughout  t h e  i n t e g r a t i o n  i n t e r v a l ,  i n c l u d i n g  
t h e  end p o i n t s .  

Equat ion 27 has been computed numer i ca l ly  by a n  
IBM 1620 computer f o r  b o t h  o r d i n a r y  waves (0-waves) and 
e x t r a o r d i n a r y  waves (x-waves) propagat ing  v e r t i c a l l y  through 
t h e  s i n g l e -  and  doub le - l aye r  i onosphe res  d e s c r i b e d  i n  Sec- 
t i o n  4-B. The form o f  e q u a t i o n  27 i s  u n s u i t a b l e  f o r  numer- 
i c a l  i n t e g r a t i o n  and must be c a s t  i n t o  a d e s i r a b l e  form by 

s u i t a b l e  t r a n s f o r m a t i o n s  o f  v a r i a b l e s .  The t r a n s f o r m a t i o n  
t h a t  was used  d e f i n e s  a v a r i a b l e  ,d by t h e  r e l a t i o n  

r f 
s i n  j3 3 f, 

where f r  i s  t h e  r e f l e c t i o n  f r equency  a t  any g i v e n  a l t i t u d e  
f o r  the  p a r t i c u l a r  wave component under  c o n s i d e r a t i o n ,  and 

f i s  the  sounding f r equency .  T h i s  t r a n s f o r m a t i o n  changes 
t h e  lower l i m i t  t o  a f i n i t e  v a l u e .  The fo l lowing  i n t e g r a l s  
r e s u l t  from t h i s  t r a n s f o r m a t i o n :  

For  t h e  o-wave wi th  8 # 0; r e f l e c t i n g  a t  X = 1, 

and 

f N  s i n  j3 =- - f 

I 



For t h e  l o L i g i t u d i n a l  wave a t  9 = 0: r e f l e c t i n g  a t  
X = l + Y ,  

0 
f 

s i n  @ E- f ’  

where f o  i s  g iven  by 

1 
2 
- 

f o  =L 2 [(f; + 4f, 2 ) - f H ] ,  

and 

For t h e  x-wave w i t h  Y C l ,  r e f l e c t i n g  a t  X = 1 - Y, 

P 
X A 

s i n  @ 5 - f ’  

where 

1 

i 
f x  - - + [ ( f4  + 4f ,2 )  + fH] , 

a i1d 

(34 1 

(35 1 

J f H 2 d : f  cos  $d$. (36) (P ‘x  - 1) - dz 
l?/2 

A h ’ ( f )  =/ 
d f N  N 
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For t h e  x-wave w i t h  Y > 1, r e f l e c t i n g  a t  X = 1 + Y, 

.L X s i n  $ 3 7, ( 3 7 )  

where 

and 

The i n d i c e s  of  r e f r a c t i o n  p i  and 

f cos  $ d$. ( 3 9 )  

I for t h e  0 -  and I-1, , 
x-waves r e s p e c t i v e l y ,  a r e  computed from e q u a t i o n s  2 1  and 22 .  
The d e r i v a t i v e  dz/df i s  de te rmined  by d i f f e r e n t i a t i n g  t h e  

plasma f r equency  a l t i t u d e  d i s t r i b u t i o n  f u n c t i o n .  For  a s i n g l e  
e x p o n e n t i a l  p r o f i l e ,  equatiolz 23, w i t h  an  e l e c t r o n  s c a i e  
h e i g h t  H ,  t h e  d e r i v a t i v e  i s  

The d o u b l e - l a y e r  e x p r e s s i o n  

where 

-* 
g i v e s  

-z/2H1 
f l ( z )  4 31 X 10 3 c Mc, H1 = 120 

-z/2H2 
f 2 ( z )  A 1.69 E. Mc, H2 = 960 

and 
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I n  t h e  v i c i n i t y  o p t h e  peak d e n s i t y  a t  h e i g h t s  above t h e  peak 
l e v e l  

where 

2 nrn = 8 1 N m  ( k c )  

No = 1 . 2  x 10 7 e l ec t rons / cc  

z = 250 km m 

A t  t h e  lower l i m i t s ,  where ,6 i s  e i t h e r  0 or sin-'  

depending on wave type', t h e  sounder i s  a t  i n f i n i t y  and fH 
f' 

hence dz/dfN I s  i n f i n i t e .  
g roup  r e f r a c t i v e  i n d e x  i s  d e f i n e d  t o  be u n i t y  (p' = 1) a t  t h i s  
p o i n t .  

T h i s  i n f i n i t y  i s  removed when t h e  

Another i n f i n i t y  i s  in t roduced  a t  t h e  upper  l i m i t  ,6 = 

~ / 2 ,  t h e  t u r n i n g  p o i n t ,  where p' i s  i n f i n i t e  f o r  b o t h  0- and 
x-waves. However, c o s  $ i s  z e r o  a t  t h e  upper  l i m i t  and t h e  
p roduc t  of b' c o s  $ remains f i n i t e .  
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Appendix I shows t h a t  p '  cos  @ i s  f i n i t e  a t  t h e  
r e f l e c t i o n  p o i n t .  The e x p r e s s i o n s  a l s o  p rov ide  checks f o r  
computer programs t o  perform t h e  i n t e g r a t i o n .  The i n t e g r a n d s  
of  e q u a t i o n s  30, 31, 36, and 39 a re  f i n i t e  w i t h i n  t h e  e n t i r e  
i n t e g r a t i o n  i n t e r v a l  and t h e  i n t e g r a l s  converge .  

F igu re  33 shows ( w ' ~  - 1) cos  @ ver sus  @ f o r  a n  
x-wave p ropaga t ing  a t  angles of 10 and 90 degrees  wi th  r e s p e c t  
t o  t h e  magnet ic  f i e l d  f o r  Y = 2. F i n i t e  end p o i n t s  are  d i s -  

responds t o  t h e  peak i n  p '  shown i n  F igu re  29. 

~ 

played a t  @ = n/2. The peaking o f  t h e  10-degree curve  c o r -  1 

I 
2. INTEGRANDS OF DIFFERENTIAL VIRTUAL DEPTH 

INTEGRALS 

It i s  i n s t r u c t i v e  t o  examine t h e  i n t e g r a n d s  p r i o r  
t o  performing t h e  i n t e g r a t i o n .  F igu re  34 shows two i n t e -  + +  grands  f o r  a n  o-wave i n  a n  0 , H+ i onosphe re  f o r  two d i f f e r -  
e n t  sounding f r e q u e n c i e s ,  Both c u r v e s  have z e r o  v a l u e s  a t  
j!f = 0 and posses s  a s p i k e  i n  t h e  v i c i n i t y  o f  @ = n/2. These 
r e s u l t s  a r e  t y p i c a l .  The r a p i d  i n c r e a s e  i n  p '  n e a r  t h e  t u r n -  
i n g  p o i n t  causes  a s p i k e  a t  @ = n/2 i n  a l l  i n t e g r a n d s  f o r  
0-  and x-waves i n  a l l  t h e  i o n o s p h e r i c  models. S ince  a wave 
w i l l  spend a n  a p p r e c i a b l e  amount o f  d e l a y  t i m e  n e a r  a t u r n -  
i n g  po in t  t h i s  r e s u l t  i s  no t  unexpected.  

F igu re  35 compares i n t e g r a n d s  f o r  t h e  s i n g l e -  and 
doub le - l aye r  p r o f i l e s .  S e v e r a l  a s p e c t s  a re  i n t e r e s t i n g .  
F i r s t ,  t h e  0 , H+ curve  has a peak w i t h i n  t h e  t r a n s i s t i o n  
r eg ion  between e x p o n e n t i a l s .  Fol lowing t h i s  peak t h e  0 , 
H+ i n t e g r a n d  approaches t h e  0' curve  and t h e n  f i n a l l y  merges 
w i t h  i t ,  The i n t e r m e d i a t e  peak i n  t h e  0 , H+ p r o f i l e  r e s u l t s  
from t h e  g rea t e r  s c a l e  h e i g h t  a t  h i g h e r  a l t i t u d e s .  For s u f -  
f i c i e n t l y  h i g h  a l t i t u d e s ,  t h e  0 , H+ p r o f i l e  may be d e s c r i b e d  
by t h e  hydrogen-helium mixture ,  which has a d e r i v a t i v e  dz/df 

+ +  
+ 

+ 
+ +  

+ +  
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+ e i g h t  t imes  g r e a t e r  t h a n  t h e  0 p r o f i l e  a t  a g iven  a l t i t u d e .  
Furthermore, w'is i n c r e a s e d  due t o  t h e  g r e a t e r  e l e c t r o n  den- 
s i t y  o f  t h i s  p r o f i l e .  When t h e  o-wave h a s  descended through 
t h e  t r a n s i t i o n  r e g i o n  between bo th  layers ,  t h e  behavior  cor- 
responds to t h a t  of t h e  O+ ioLiospheric p r o f i l e .  

I n t e g r a n d s  f o r  t h e  x-wave p a t h  shown i n  F igu re  36 
a re  q u i t e  d i f f e r e n t  from t h e  previous  o-wave i n t e g r a n d s ,  
e s p e c i a l l y  f o r  t h e  c a s e  where Y>1.  T h i s  c o n d i t i o n  c r e a t e s  
a l a r g e  s p i k e  i n  t h e  i n t e g r a n d  a t  t h e  p o i n t  X X 1 which Coin- 
c i d e s  wi th  a maximum o f  p.' ( i . e .  l a r g e  d e l a y  t i m e ) .  A s  b e f o r e ,  
t h e  d i f f e r e n c e s  between t h e  s i n g l e  and double  p r o f i l e  may be 
accGunted f o r  by i n c r e a s e s  i n  p' and p r o f i l e  s l o p e  f o r  a g i v e n  
a l t i t u d e .  The s p i k e s  f o r  t h e  c a s e  Y = 3.9 a r e  l a r g e  and have 
peak v a l u e s  o f  about  1000. 

The d i f f e r e n t i a l  v i r t u a l  dep th  t h u s  c a l c u l a t e d  f o r  
t h e  0- a n d  x-waves must be added t o  t h e  a c t u a l  e l e c t r o n  den-  

s i t y  p r o f i l e  i n  o r d e r  t o  o b t a i n  t h e  v i r t u a l  dep th  p r o f i l e .  

3. DIFFERENTIAL VIRTUAL DEPTHS 

D i f f e r e n t i a l  v i r t u a l  dep ths  were computed f o r  v a r -  
i o u s  c o n d i t i o n s  and t h e  r e s u l t s  a r e  p r e s e n t e d  and d i s c u s s e d  
i n  t h i s  s e c t i o n .  For t h e  s i n g l e  e x p o n e n t i a l  ionosphere ,  low- 
and high-frequency l i m i t s  a r e  s imply r e l a t a b l e  t o  t h e  s c a l e  
h e i g h t ,  I n  a doub le - l aye r  ionosphere ,  waves a r e  de layed  i n  
t h e  upper  r e g i o n  a lmost  as though t h a t  were t h e  o n l y  r e g i o n .  
I n  t h e  lower r e g i o n  t h e y  a r e  s i m i l a r l y  de layed  as by a s i n g l e  
l a y e r .  The complete c u r v e  l i e s  between t h e  s i n g l e  e x p o n e n t i a l  
c u r v e s  cor responding  t o  t h e  s c a l e  he igh t s  o f  t h e  two r e g i o n s  + (0' and H+ l a y e r s ) .  

R e s u l t s  a r e  f i r s t  g i v e n  f o r  i n f i n i t e l y  ex tend ing  
s i n g l e -  and doub le - l aye r  p r o f i l e s .  These s e r v e  a s  b a s i c  
models upon which comparisons may be  made. A peak d e n s i t y  
r e g i o n  i s  t h e n  added and t h e  r e s u l t s  t h a t  a r e  o b t a i n e d  a r e  
c o n t r a s t e d  wi th  t h e  i n f i n i t e  p r o f i l e s .  
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a .  0-WAVE IN SINGLE-LAYER PROFILE ( e  # 0') 
For a s i n g l e - l a y e r  p r o f i l e ,  equa t ion  30 may be 

r e w r i t t e n  by s u b s t i t u t i n g  equa t ion  40 f o r  t h e  d e r i v a t i v e  
dZ/dfN 

1 

43 i s  independent  o f  X upon i n t e g r a t i o n  and for a 
g iven  ang le  ( e )  i s  on ly  a f u n c t i o n  o f  Y .  

Ah' (f) Figure  37 summarizes t h e  r e s u l t s  showing 
versus  Y f o r  f o u r  d i f f e r e n t  angles--10, 25, 55, and 90 degrees .  
F igures  38 and 39 p rov ide  examples o f  d i f f e r e n t i a l  v i r t u a l  
depth ve r sus  sounding f requency  f o r  t h e  two gyro - f r equenc ie s  
0 .1  Mc and 1.95 Mc for a s c a l e  h e i g h t  of  120 krn. 

At 8 = 90 degrees ,  t h e  d i f f e r e n t i a l  v i r t u a l  dep th  
can be shown t o  have a c o n s t a n t  va lue  - 2 H  I n  2 whtch i n  terms 
of  t h e  v i r t u a l  dep th  means t h a t  i t  w i l l  have e x a c t l y  t h e  same 
shape (same s c a l e  h e i g h t )  as t h e  a c t u a l  e l e c t r o n  d e n s i t y  pro-  
f i l e  b u t  d i s p l a c e d  by ah' km. 

a n  o-wave propagat ing  t r a n s v e r s l y  t o  t h e  magnet ic  f i e l d  prop- 
a g a t e s  a s  i f  i n  an  i s o t r o p i c  plasma. 
i s o t r o p i c  a l s o  i n  t h e  high-frequency l i m i t  ( Y  = 0 ) .  There- 
f o r e ,  t h e  Ah'/H cu rves  i n  F igu re  37 t e r m i n a t e  a t  t h e  t r a n s -  
ve r se  va lue  of -2 I n  2 and i n  F i g u r e s  38 and 39 t h e y  a re  shown 
t o  approach t h i s  va lue  a s y m p t o t i c a l l y .  

Th i s  i s  t o  be expec ted  s i n c e  

The plasma becomes 

F igu re  40 i s  a p l o t  o f  t h e  low-frequency a sympto t i c  
l i m i t  a s  a f u n c t i o n  of 0 .  

s c a l e  he igh t .  
Appendix 11. 

The r e s u l t s  a r e  normalized t o  t h e  
The a p p r o p r i a t e  r e l a t i o n s h i p s  a r e  d e r i v e d  i n  

The low-frequency a sympto t i c  l i m i t s  f o r  a l l  
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a n g l e s  a re  a l s o  shown i n  F igu re  37. 
l o n g i t u d i n a l  wave r e f l e c t i o n  i s  t aken  a t  X = 1 + Y, 
s e p a r a t e  e v a l u a t i o n  o f  t h e  asymptot ic  l i m i t  o f  A h ' ( f )  must 
be made. 
d ix  111, 

When 8 = 0 degree,  t h e  
and a 

The d e r i v a t i o n  f o r  t h i s  ang le  i s  p r e s e n t e d  i n  Appen- 

b ,  X-WAVE I N  SINGLE-LAYER PROFILE 

The d i f f e r e n t i a l  v i r t u a l  depth  f o r  an  x-wave prop- 
z g a t i n g  th rough  a s i n g l e  exponen t i a l  p r o f i l e  i s  g i v e n  by 

1 + Y  - 
A h ' ( f )  - [ [p',(X,Y,8) - 1 d ) ( l n  X )  (44 1 

0 
R- 

where t h e  p l u s  s i g n  i n  t h e  upper  l i m i t  i s  used when Y > 1 and 
t h e  minus s i g n  when Y < 1, 

f e r e n t i a l  v i r t u a l  depth  depends on ly  on Y and 8, 

A s  i n  t he  p rev ious  a c t i o n ,  t h e  d i f -  

F igu re  4 1  shows Ah'/H p l o t t e d  a g a i n s t  Y f o r  v a r i o u s  

v a l u e s  of 8 ,  

as  e x h i b i t e d  by t h e  0 and 90-degree cu rves .  
a n g u l a r  dependence i s  more pronounced; 8 = 0 has been omi t t ed  

for Y > 1 because there  i s  no ionosphe r i c  r e f l e c t i o n  o f  t h i s  

wave (1 - Y < 0). When Y = 0 ,  A h '  takes  the  i s o t r o p i c  v a l u e  

-2H I n  2. A s  t h e  sounding frequency approaches  z e r o  ( Y - m )  
a symptot ic  l i m i t s  are found.  The r e l a t i o n s h i p s  are  d e r i v e d  

When Y < 1, t h e  v a r i a t i o n  with 8 i s  ve ry  s m a l l  
For  Y > 1, the  

i n  Appendlx IV and Ah'/H i s  p l o t t e d  v e r s u s  0 i n  F i g u r e  42. 

F i g u r e s  43 and 44 e x h i b i t  these  r e s u l t s  as p l o t s  o f  
A h '  v e r s u s  sounding f requency  f o r  v a r i o u s  v a l u e s  o f  t h e  gyro-  
f r equency .  F i g u r e  43, which i s  f o r  Y < 1, i s  l a b e l e d  
8 = 0 - 90 degrees ,  s i n c e  t he re  i s  very  l i t t l e  v a r i a t i o n  o f  
Ah' with  a n g l e  i n  t h i s  range ,  
ence  i s  s i g n i f i c a n t .  
u r e  44. 

When Y > 1 t h e  a n g u l a r  depend- 
Only 8 = 90 degrees i s  shown i n  Fig-  
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C .  O-WAVE I N  DOUBLE-LAYER PROFILE 

D i f f e r e n t i a l  v i r t u a l  depths  f o r  t h e  doub le - l aye r  
p r o f i l e  d e s c r i b e d  i n  S e c t i o n  2 have been computed t o  demon- 
s t ra te  the  manner i n  which each  l a y e r  a f f e c t s  wave d e l a y  t i m e .  
The s c a l e  h e i g h t s  cons ide red  a re  120 and 960 km for t h e  lower 
and upper  l a y e r s ,  r e s p e c t i v e l y ,  The double- layer  r e s u l t s  a re  
compared wi th  t h e  s i n g l e - l a y e r  behav io r  o f  each r e g i o n  u s i n g  
t h e  r e s u l t s  of the  p rev ious  s e c t i o n .  

F i g u r e s  45, 46, and 47 d i s p l a y  t h e  manner i n  which 
double- layer  d i f f e r e n t i a l  v i r t u a l  dep ths  a r e  bounded by t h e  
s i n g l e - l a y e r  r e s u l t s  which a re  shown as  dashed l i n e s  i n  t h e  
f i g u r e s .  
n e n t i a l  extremes a c t u a l l y  cor responds  t o  t h e  t r a n s i t i o n  
r eg ion  o f  t h e  t r u e  e l e c t r o n  d e n s i t y  p r o f i l e ,  

The t r a n s i t i o n  r e g i o n  between t h e  two s i n g l e  expo- 

The d i f f e r e n t i a l  v i r t u a l  dep th  t r a n s i t i o n  r e g i o n  
i s  g r e a t l y  a c c e n t u a t e d  i n  t h e  c a s e  o f  a l o n g i t u d i n a l  wave as 
shown i n  F igu re  48. 
1.95 Mc a re  shown. Peak ampl i tude  d e c r e a s e s  wi th  i n c r e a s i n g  
gyro-frequency and no peaking would occur  i n  t h e  l i m i t i n g  
case  o f  an  i n f i n i t e  gyro-frequency.  
Ah’ a t  f = 0 cor responds  t o  t h e  i n f i n i t e  Y parameter  v a l u e  
de r ived  i n  Appendix 111. 

Curves f o r  gy ro - f r equenc ie s  o f  0.5 and 

The t e r m i n a t i n g  v a l u e  o f  

d. X-WAVE I N  DOUBLE-LAYER PROFILE 

The d i f f e r e n t i a l  v i r t u a l  d e p t h s  p l o t t e d  i n  F ig-  
u r e s  49 through 53 r e s o n a t e  a t  t h e  v a r i o u s  g y r o - f r e q u e n c i e s  
shown i n  t h e  f i g u r e ,  Values from 0 .1  t o  .95 Mc a re  cons id -  
e r e d  f o r  p ropaga t ion  a n g l e s  o f  0, 10, 25, 55, and 90 degrees .  

For l o n g i t u d i n a l  p r o p a g a t i o n  t h e r e  i s  no r e f l e c t i o n  
f o r  an x-wave when Y > 1. I n  a n  a c t u a l  sounding experiment ,  
p e n e t r a t i o n  and s u r f a c e  r e f l e c t i o n s  from t h e  p l a n e t  would be 
expected. However, p l a n e t a r y  s u r f a c e  r e f l e c t i o n s  have n o t  
been cons idered  as p a r t  of t h i s  p r o p a g a t i o n  s tudy ,  and, 
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t h e r e f o r e ,  8 = 0 degree ,  Y > 1 i s  excluded.  Propagat ion  
angles  of 55 and 90 degrees have minimums between 0.5 and 
1.0 Me c r e a t e d  by t h e  t r a n s i t i o n  r e g i o n  between t h e  two 
ionospher ic  l a y e r s .  
completed curve  i n c l u d i n g  t h e  z e r o  f requency  l i m i t .  
t i o n  o f  t h e  cu rve  l y i n g  between 0 and 0.2 Me i s  determined 
on ly  by t h e  upper  l aye r  ( g r e a t e r  s c a l e  h e i g h t )  whereas, f o r  
l a r g e  f r e q u e n c i e s ,  Ah‘ i s  i n f l u e n c e d  g r e a t l y  by t h e  lower 
layer. When t h e  gyro-frequency i s  low enough, t h e  t r a n s i -  
t i o n  e f f e c t  i s  seen  as an  i n f l e c t i o n  of t h e  Y > 1 p o r t i o n  of  
t h e  curve, as shown i n  F i g u r e s  40 through 53. 

F igu re  52 f o r  8 = 55 degrees ,  shows one 
The por- 

The i n f l u e n c e  of  t h e  i n d i v i d u a l  l a y e r s  on t h e  
behavior  o f  Ah’ i s  demonstrated by F igu re  54, which i s  an  
expanded p o r t i o n  o f  F igu re  52. 
t h e  d i f f e r e n t i a l  v i r t u a l  dep ths  o b t a i n e d  by e v a l u a t i n g  A h ’  

f o r - s c a l e  h e i g h t s  of 120 and 960 r e s p e c t i v e l y .  
curve l a b e l e d  H1 + H2 i s  f o r  t h e  double  l a y e r e d  i o n o s p h e r i c  
model. The l a t t e r  cu rve  l i e s  between t h e  two former curves .  
It merges wi th  H2 a t  low f r e q u e n c i e s  and i s  a sympto t i c  t o  

Curves l a b e l e d  H1 and H2 a r e  

The composlte 

H a t  h i g h e r  f r e q u e n c i e s .  1 
e .  A h ’  WITH PARABOLIC MAXIMUM DENSITY 

The a d d i t i o n  o f  a peak d e n s i t y  t o  t h e  p r o f i l e  i n t r o -  
duces an  i n f i n i t y  i n  t h e  d i f f e r e n t i a l  v i r t u a l  d e p t h s  a t  t h e  

p e n e t r a t i o n  f requency  ( F i g u r e s  55, 56, and 57). I n  a c t u a l i t y ,  
r e f l e c t i o n s  above t h e  p e n e t r a t i o n  f requency  a r e  t o  be expec ted  
due t o  s u r f a c e  r e t u r n s  from t h e  p l a n e t .  
va lues  must b e  modi f ied  o n l y  i n  t h e  r e g i o n  i n  t h e  v i c i n i t y  o f  
t h e  peak d e n s i t y .  
X = 1 f o r  a n  o-wave and X = 1 - + Y f o r  a n  x-wave. 

The p r e v i o u s  Ah‘ 

P e n e t r a t i o n  f r e q u e n c i e s  a r e  de termined  from 
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4.  CALCULATION O F  Ah’ FOR FINITE ALTITUDES 

I n  a sounding from a f l y b y  v e h i c l e  or o r b i t e r ,  Ah‘ 

has a z e r o  va lue  a t  t h e  l o c a l  c u t o f f  f requency ,  which i s  
f i n i t e  and n o t  ze ro ,  i n  c o n t r a s t  t o  the  i n f i n i t e  a l t i t u d e  
c a s e .  It is a p p r o p r i a t e  then ,  a t  t h i s  j u n c t u r e ,  t o  a s c e r -  
t a i n  t h e  a p p l i c a b l e  f requency  r ange  and t h e  e r r o r  in t roduced  
by us ing  r e s u l t s  based on an  i n f i n i t e  a l t i t u d e  assumpt ion .  

G e n e r i c a l l y ,  t h e  d i f f e r e n t i a l  v i r t u a l  d e p t h  f o r  a 
sounding v e h i c l e  a t  a f i n i t e  a l t i t u d e  i s  w r i t t e n  as 

Where 9 = value  of  @ a t  the v e h i c l e ,  Br = v a l u e  
a t  t h e  r e f l e c t i o n  p o i n t ,  F (f,, f N )  = f u n c t i o n  which makes 
t h e  in t eg rand  s u i t a b l e  f o r  an 0-  or x-wave, p’ = correspond-  
i n g  group r e f r a c t i v e  index.  Let us d e f i n e  a c o r r e c t i o n  te rm 
t o  t h e  i n f i n i t e  a l t i t u d e  d i f f e r e n t i a l  v i r t u a l  d e p t h  as 

v 

where 9, i s  the  lower l i m i t  a t  z = a. 

A h I v  may be de termined  by s u b t r a c t i n g  Ahtc from Ah‘. 

From e q u a t i o n  46, 

An a l t i t u d e  of 3,840 k m  (32 times t h e  s c a l e  h e i g h t  
of  t h e  lower  l a y e r )  i s  chosen t o  demonst ra te  the c o r r e c t i o n  t o  
Ah’ n e c e s s a r y  f o r  a f i n i t e  sounding a l t i t u d e .  F i g u r e s  58 and 
59 summarize some r e s u l t s  ob ta ined  from e q u a t i o n  46. A t  t h e  
c u t o f f  f r equency  co r re spond ing  t o  t h i s  a l t i t u d e ,  Ah‘c i s  equa l  
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t o  Ah’ and AhIv i s  i d e n t i c a l l y  z e r o .  
can  de te rmine  the  frequency range ove r  which t h e  i n f i n i t e  
a l t i t u d e  c a l c u l a t i o n s  are v a l i d  approximations t o  s o l u t i o n s  
f o r  a f i n i t e  a l t i t u d e .  
t ha t  t h e  c o r r e c t i o n  i s  n e g l i g i b l e  over  most of t h e  sounding 
frequency r a n g e .  

From these  curves  w e  

It c a n  be s e e n  from F i g u r e s  58 and 59 

D. VIRTUAL HEIGHT PROFILES FOR INFINITE SOUNDER ALTITUDE 

A sample of  some of  t h e  r e s u l t i n g  v i r t u a l  h e i g h t  
p r o f i l e s  o b t a i n a b l e  from t h e  d i f f e r e n t i a l  dep ths  of Sec- 
t i o n  4 - C  a r e  g i v e n  i n  F igu res  60 through 66. 
which Ah’ i s  added t o  t h e  a c t u a l  e l e c t r o n  d e n s i t y  p r o f i l e  t o  
o b t a i n  t h e  v i r t u a l  h e i g h t  p r o f i l e  i s  shown i n  t h e  f i r s t  f i g -  
u r e .  
quency and p ropaga t ion  a n g l e  f o r  a s imple  s i n g l e  l a y e r  iono-  
sphere ,  A t  h i g h  f requencdes ,  a l l  v i r t u a l  p r o f i l e s  a r e  asymp- 
t o t i c  t o  8 = 90 degrees  which i s  d i s p l a c e d  a t  a l l  f r e q u e n c i e s  
by a c o n s t a n t  va lue  p r o p o r t i o n a l  t o  t h e  s c a l e  he igh t .  I n  t h e  
case  o f  a n  o-wave, t h e  f requency  s c a l e  r e p r e s e n t s  bo th  t h e  
plasma and sounding f r e q u e n c i e s .  

The manner i n  

F i g u r e s  60 and 61 show t h e  dependence upon g y r o - f r e -  

F igu re  62 has r e s u l t s  f o r  a doub le - l aye r  i onosphe re  
posses s ing  a peak d e n s i t y .  These v i r t u a l  he igh t s  show d i p s  
t h a t  a r e  t y p i c a l  of  much d a t a  observed  by t h e  A l o u e t t e  s a t -  
e l l i t e ,  The d i p  occur s  mainly from t h e  change i n  t h e  s c a l e  
he ight  i n  t h e  t r a n s i t i o n  r e g i o n  between t h e  l a y e r s .  
e x t e n t  o f  t h e  d i p s  o f  t h e s e  v i r t u a l  he ight  cu rves  a re  r e l a t e d ,  
i n  a complicated f a s h i o n ,  t o  t he  magnet ic  f i e l d  s t r e n g t h .  For  
t h e  example shown, t h e  1.95-Mc gyro- f requency  cu rve  i s  250 k m  

deeper  t h a n  t h e  0.1-Mc curve .  

The 

The x-wave v i r t u a l  p r o f i l e  i s  o b t a i n e d  from t h e  e l e c -  
t r o n  d e n s i t y  t r u e  h e i g h t  cu rve  and  Ah‘ i n  a more complex f a s h i o n  
t h a n  t h e  o-wave. A s o - c a l l e d  r e f l e c t i o n  p r o f i l e  i s  r e q u i r e d ,  
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FIGURE 65. V I R T U A L  H E I G H T  P R O F I L E S  FOR x-WAVE I N  
DOUBLE-LAYER IONOSPHERE (fH = 0 .1  Mc) 
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This  p r o f i l e  i s  c o n s t r u c t e d  by p l o t t i n g  t h e  x-mode r e f l e c t i o n  
frequency cor responding  t o  t h e  plasma frequency and gyro-  
frequency a t  each  a l t i t u d e .  R e f l e c t i o n  and t r u e  h e i g h t  pro-  
f i l e s  a r e  shown i n  F i g u r e s  63 and 64 a long  w i t h  x-wave v i r t u a l  
he ight  c u r v e s .  Abscissa ,  r e p r e s e n t i n g  frequency i n  t h e s e  f i g -  
u r e s ,  a r e  i n t e r p r e t e d  as e i t h e r  plasma frequency f o r  t h e  t r u e  
e l e c t r o n  d e n s i t y  p r o f i l e ,  o r  as sounding frequency f o r  the  

r e f l e c t i o n  p r o f i l e .  F i g u r e  63 is  an example of  r e s u l t s  
obtained f o r  a s i n g l e  l a y e r .  The gyro-resonance a t  Y = 1 is  
r e l a t i v e l y  narrow compared to t he  resonance  for t h e  double  
l a y e r  of  F igu re  64. Gyro-resonance broadening f o r  the  double  
l a y e r  occurs  as a r e s u l t  of i n c r e a s e d  d e l a y  t i m e  which i s  due 
t o  t h e  l a r g e r  e l e c t r o n  d e n s i t i e s  and d e n s i t y  g r a d i e n t s .  

If t he  gyro-frequency were s u f f i c i e n t l y  lower t h a n  
t h e  sounding f r e q u e n c i e s  f o r  the  t r a n s i t i o n  r e g i o n ,  t h e n  t h e  
x-wave v i r t u a l  h e i g h t  d i p  w i l l  occur  as f o r  the  o-wave (Fig- 
u r e  65, fH  = 0.1 Mc). When the  gyro-resonance occurs  i n  t h e  
v i c i n i t y  of  t h e  t r a n s i t i o n  r e g i o n ,  t h e  resonance  predominates  
and t h e  d i p  i s  reduced .  It is  a l s o  p o s s i b l e  to have an  
i n f l e c t i o n  as shown i n  F i g u r e  65 f o r  fH = 0.4 Mc. 

F igu re  66 compares v i r t u a l  h e i g h t s  f o r  bo th  an 
o-wave and a x-wave i n  a doub le - l aye r  p r o f i l e  w i t h  a peak 
d e n s i t y  r eg ion  f o r  f H  = 1.95 Mc. 
t h i s  comparison i s ,  of cour se ,  t h e  d i f f e r e n c e  between the 
r e s p e c t i v e  p e n e t r a t i o n  f r e q u e n c i e s  of  t h e  waves 28. 
t h e  d i p  i n  t h e  o-Nave and t h e  resonance  of  t h e  x-wave. 

One impor t an t  f e a t u r e  i n  

Note a l s o  

For f i n i t e  sounding h e i g h t s ,  v i r t u a l  dep th  p r o f i l e s  
w i l l  s t a r t  a t  ze ro  dep th  f o r  t h e  l o c a l  sounding f r e q u e n c i e s  
and then  r a p i d l y  i n c r e a s e  demons t r a t ing  many o f  t h e  f e a t u r e s  



of t h e  curves  referred t o  i n  t h i s  s e c t i o n .  D i p s  a re  char -  
a c t e r i s t i c  o f  t r a n s i t i o n  r e g i o n s  between layers.  S t r a i g h t  
s l o p e  s e c t i o n s  are  c h a r a c t e r i s t i c  o f  c o n s t a n t  s c a l e  height  

r e g i o n s  when the  s l o p e  on a semi-log p l o t  i s  r e l a t ab le  t o  t h e  
s c a l e  height  o f  t h e  t r u e  e l e c t r o n  d e n s i t y  p r o f i l e .  Many of 
t hese  f e a t u r e s  a r e  w e l l  exampled by da ta  from t h e  A l o u e t t e  
s a t e l l i t e .  

E. INTERPRETATION O F  DATA 

The measurement o f  t h e  ionosphere  of a p l a n e t  o t h e r  
t h a n  E a r t h  i s  somewhat d i f f e r e n t  from t o p s i d e  sounding the  
E a r t h ' s  ionosphere .  I n  t h e  l a t t e r  case ,  p r i o r  t o  the first 
t o p s i d e  sounding, there  was a c o n s i d e r a b l e  amount o f  informa- 
t i o n  which g r e a t l y  s i m p l i f i e d  t h e  problem o f  r educ ing  data .  
The msgnet ic  f i e l d  was known, t h e  lower par t  o f  t h e  ionosphe re  
and atmosphere below the  peak d e n s i t y  was known, and some 
i n f o r m a t i o n  f o r  the r e g i o n  above t h e  peak was a v a i l a b l e  from 
r o c k e t  f l i g h t s .  Furthermore,  a s a t e l l i t e  could  be p l aced  i n  
a n  o r b i t  which could  be p r e c i s e l y  known wi th  r e s p e c t  t o  t h e  

Earth,  and a l l  measurements made with r e s p e c t  t o  t he  s a t e l l i t e  
could  be r e a d i l y  i n t e r p r e t e d  r e l a t i v e  t o  t h e  Earth.  

On t h e  o t h e r  hand, l i t t l e  i s  known about  o t h e r  p lan-  
e t s .  I n  g e n e r a l ,  t h e  magnetic f i e l d  i s  no t  known, there  i s  
l i t t l e  i n f o r m a t i o n  about  t he  atmosphere, and there  c e r t a i n l y  
i s  no bot tomside  data .  The o r b i t  r e l a t i v e  t o  t h e  p l a n e t  i s  
u n c e r t a i n  and depends on  t h e  mission,  and even i n  t h i s  case 
t h e r e  i s  always t h e  p o s s i b i l i t y  o f  l a r g e  e r r o r s  c o n s i d e r i n g  
t h e  d i f f i c u l t i e s  i n  g u i d i n g  a s p a c e c r a f t  t o  a p l a n e t .  These 
d i f f e r e n c e s ,  as wel l  as o t h e r s  of a p u r e l y  e n g i n e e r i n g  n a t u r e  
( s u c h  as  data  t r a n s m i s s i o n  r a t e s  and s t o r a g e ) ,  r e s u l t  i n  some- 
what modi f ied  c o n s i d e r a t i o n s  r e l a t i v e  t o  da ta  i n t e r p r e t a t i o n  
and r e d u c t i o n .  



The purpose of t h i s  s e c t i o n  i s  t o  o u t l i n e  and  d i s -  

cuss  some o f  these  a s p e c t s  and t h e i r  r e l a t i o n s h i p  t o  t h e  theo -  
r e t i c a l  s t u d i e s  p r e v i o u s l y  desc r ibed .  

1. DETERMINATION OF ELECTRON DENSITY A N D  MAGNETIC 
FIELD PROFILES 

Transmission t i m e  d e l a y  measurements r e s u l t  i n  da ta  
c o n s i s t i n g  o f  v i r t u a l  depth v e r s u s  f requency .  If t h e  magnetic 

f i e l d  i s  known a t  each  p o i n t  a long  t h e  p ropaga t ion  pa th  and if 
t h e  sounder p o s i t i o n  r e l a t i v e  t o  t h e  p l a n e t  i s  known, t h e n  t h e  

t r u e  height  o f  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  can be d e r i v e d  
from these  measurements. The p r o f i l e  i s  unambiguous provided  
t h a t  t h e  e l e c t r o n  d e n s i t y  v a r i e s  monotonica l ly ,  as i s  expec ted  
above t h e  maximum d e n s i t y  l e v e l .  

For a p l a n e t a r y  sounder  then ,  e i t h e r  independent  

measurements must be  made o f  t h e  magnetic f i e l d  and h e i g h t  o f  
t he  s p a c e c r a f t  above t h e  p l a n e t a r y  s u r f a c e ,  o r  t h e  sounding 

experiment must be f u l l y  comprehensive and permi t  t h e  eva lua -  
t i o n  of  these  impor tan t  da t a ,  Some i n f o r m a t i o n  may be ga ined  
from o t h e r  sources ,  s i n c e  i t  i s  h i g h l y  l i k e l y  t h a t  magnetom- 
e t e r s  w i l l  be on board p rov id ing  l o c a l  magnet ic  f i e l d  measure- 
ments, and s i n c e  Earth-based r a d i o  measurements w i l l  p rov ide  
o r b i t  data.  The l o c a l  magnet ic  f i e l d  measurements would 
r e q u i r e  e x t r a p o l a t i o n  by assuming a model, such  as a d i p o l e  

f i e l d ,  t o  o b t a i n  t h e  f i e l d  a l o n g  t h e  p ropaga t ion  pa th .  How- 
ever ,  i f  the  s p a c e c r a f t  were f a r  enough from t h e  p l a n e t  t o  be 

e i t h e r  o u t s i d e  a magnetosphere or j u s t  i n s i d e ,  t h e r e  may be 
c o n s i d e r a b l e  d i f f i c u l t y  i n  e x t r a p o l a t i n g  t o  t h e  much lower 
a l t i t u d e s  where i o n i z a t i o n  i s  s i g n i f i c a n t .  Also t h e  o r b i t a l  
i n fo rma t ion  may not  be s u f f i c i e n t l y  a c c u r a t e  w i t h  r e s p e c t  t o  
t h e  p l a n e t ' s  s u r f a c e .  

I n  any even t ,  t h e  bes t  experiment  would be one which 
was completely s e l f - c o n t a i n e d ,  and o t h e r  independent  s o u r c e s  
of i n fo rma t ion  could  supplement t h e  exper iment .  Then, i n  t h e  
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event  o f  t he  f a i l u r e  of t h e s e  o u t s i d e  sou rces ,  or f o r  such 
o t h e r  d i f f i c u l t y  a s  could ar ise ,  t h e  s e l f - c o n t a i n e d ,  com- 
prehens ive  sounder experiment  would s t i l l  p rov ide  d a t a  t o  
determine the  t r u e  h e i g h t  p r o f i l e .  

A s  p r e v i o u s l y  noted, t h e  experiment could d e t e c t  
t he  s u r f a c e  by sounding a t  a high enough f requency  t o  pene- 
t r a t e  t h e  ionosphere .  T h i s  measurement, i n  c o n j u n c t i o n  with 
t h e  v i r t u a l  depth  data,  could provide t h e  l o c a t i o n  of the 
ionosphere  with r e s p e c t  t o  t he  p l ane t .  The measurement o f  
v i r t u a l  depth  t o  and beyond p e n e t r a t i o n  could a l s o  p rov ide  
magnet ic  f i e l d  in fo rma t ion  a t  t h e  l e v e l  o f  the  peak d e n s i t y ,  
s i n c e  t h e  d i f f e r e n c e  i n  p e n e t r a t i o n  f r e q u e n c i e s  o f  t h e  0- and 
x-modes i s  r e l a t e d  t o  t h e  gyro-frequency . T h i s  informa- 
t i o n  t o g e t h e r  with magnetometer measurements of  the l o c a l  
f i e l d ,  o r  gyro-frequency resonances  i n  the sounder  d a t a ,  

could be used wi th  a d i p o l e  f i e l d  model t o  p rov ide  t h e  f i e l d  
a long  t h e  p ropaga t ion  pa th .  

28 

It should  be noted  t h a t  s p e c i f i c a t i o n  o f  t h e  mag- 
n e t i c  f i e l d  s t r e n g t h s  from the  measurements i s  n o t  s u f f i c i e n t  
t o  e s t a b l i s h  t h e  f i e l d  model. The d i p  a n g l e  must be known 
a s  wel l .  Magnetometer measurements may provide  the  l o c a l  d i p  

ang le .  If t h i s  i s  not  complicated by a magneto-pause, t h e  
e f f e c t i v e  d i p o l e  o r i e n t a t i o n  can  then  be found. The pene t r a -  
t i o n  f r e q u e n c i e s  do n o t  provide  t h i s  d a t a  and l o c a l  gy ro  reso- 
nances probably  cannot be used  w i t h  any r easonab le  accuracy  
t o  p rov ide  t h i s  a n g u l a r  data. The presence  of z-mode t y p e  

p r o p a g a t i o n  a l s o  can y i e l d  bounds on the d i p  angle, p a r t i c -  
i f  the z-mode frequency for t h e  peak l e v e l  can be i d e n t i f i e d  
as  w e l l  as i n  the 0- and x-modes. Never the less ,  wi thout  such 
d i p  a n g l e  sou rces ,  t he  des i red  da ta  i s  con ta ined  w i t h i n  the  

v i r t u a l  dep th  measurements, b u t  must be e x t r a c t e d  by methods 
t ha t  have no t  been necessa ry  t o  apply t o  Earth sounding data. 
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F o r t u n a t e l y ,  t h e  d i p  a n g l e  i s  no t  necessa ry  t o  pro-  
vide e l e c t r o n  d e n s i t y  i n f o r m a t i o n  when Y < 1, s i n c e  t he  
x-mode v i r t u a l  dep th  in fo rma t ion  i s  not  very  s e n s i t i v e  t o  
t h i s  a n g l e ,  as showr! by F igu re  41. Given t h e  magn i tude  of 
t h e  f i e l d  s t r e n g t h ,  s t a n d a r d  procedures  can be used  t o  reduce 
d a t a .  

Some sense  of  t h e  magnet ic  f i e l d  s t r e n g t h  may a l s o  
be d r ived  from t h e  e x t e n t  of t h e  d i p  o f  t h e  v i r t u a l  dep th  i n  
a m u l t i l a y e r  ionosphere  (as  shown i n  F i g u r e s  62 and 65). 
ever ,  t h e  r e l a t i o n s h i p s  a re  complex and invo lve  s e v e r a l  va r -  
i a b l e s ,  i n  p a r t i c u l a r ,  t r a n s i t i o n  g r a d i e n t s .  They have no t  
been  f u l l y  t r e a t e d  as y e t  and f u r t h e r  s t u d y  i s  r e q u i r e d .  The 

gyro f r equency  i n f i n i t i e s  shown i n  F igu res  63, 64, and 65 a re  
t y p i c a l  o f  a c o n s t a n t  f i e l d  independent  o f  a l t i t u d e .  For  a 
f i e l d  t h a t  v a r i e s  w i th  a l t i t u d e ,  t h e  v i r t u a l  h e i g h t  has an  
i n f i n i t y  a t  t h e  gyro-frequency b u t  v a r i e s  i n  a somewaht d i f -  

f e r e n t  manner, as d i s c u s s e d  f u r t h e r  i n  S e c t i o n  4-E. 

How- 

Using a d i p o l e  f i e l d  mode, t he  e l e c t r o n  d e n s i t y  pro-  
f i l e  may be o b t a i n e d  by a l a m i n a t i o n  method2g. S ince  x - t r a c e  
data  i s  u s u a l l y  more complete t h a n  o - t r a c e  data ,  t h e  e l e c t r o n  
d e n s i t y  p r o f i l e  may be found from x-wave r e f l e c t i o n s .  When 
Y < 1, d i p  a n g l e  e r r o r s  do not  s i g n i f i c a n t l y  e f f e c t  p r o f i l e s  

d e r i v a b l e  from t h e  x - t r a c e  da ta .  If l i m i t e d ,  on-board mag- 
netometer  measurements do no t  y i e l d  d i p  a n g l e  t h e n  t h e  
x-trace data  r e d u c t i o n  i s  t h a t  much more d e s i r a b l e .  

Magnetic f i e l d  p r o f i l e  c o r r e c t i o n s  may be made by 
computing t h e  o-wave v i r t u a l  p r o f i l e  from t h e  p o s t u l a t e d  mag- 
n e t i c  f i e l d  and x-wave d e r i v e d  e l e c t r o n  d e n s i t y  p r o f i l e .  COm- 

p a r i s o n  of  t h e  measured and computed o-wave v i r t u a l  p r o f i l e s  
g i v e s  t h e n  a n o t i o n  o f  p r o f i l e  accu racy .  
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When agreement i s  no t  w i th in  expe r imen ta l  e r r o r s ,  
a l t e r a t i o n s  o f  t h e  magnetic f i e l d  model may be made, new 
e l e c t r o n  d e n s i t i e s  ob ta ined ,  and hence a new computed o-wave 
v i r t u a l  dep th  p r o f i l e  found. T h i s  cyc le  i s  r e p e a t e d  u n t i l  
s u f f i c i e n t  s e l f - c o n s i s t e n c y  i s  achieved between p r o f i l e s  and 
data .  

I f  i n s u f f i c i e n t  d a t a ,  e i t h e r  from magnetometer o r  
p e n e t r a t i o n  measurements, are  a v a i l a b l e  t o  e s t a b l i s h  an  i n i -  
t i a l  magnet ic  f i e l d  model, t h e  e l e c t r o n  d e n s i t y  and magnet ic  
f i e l d  may be roughly  determined us ing  t h e  d i f f e r e n t i a l  v i r -  
t u a l  dep th  s i n g l e - l a y e r  c h a r a c t e r i s t i c s  as shown i n  F i g u r e s  37 
and 41. 
a n a l y s i s  for f u r t h e r  re f inement  a s  p r e v i o u s l y  d e s c r i b e d .  
Assuming a n  e x p o n e n t i a l  e l e c t r o n  d e n s i t y  p r o f i l e  and t h a t  

t i ne  d e l a y  occur s  mainly i n  t h e  v i c i n i t y  o f  a r e f l e c t i o n  p o i n t ,  
t h e  v i r t u a l  dep th  may be w r i t t e n  as 

The magnet ic  f i e l d  may then be used  i n  a l a m i n a t i o n  

h ' ( f )  = Zs - Zr + Hg(Y, 0 )  (47) 

where Zs = s p a c e c r a f t  a l t i t u d e ,  Zr = r e f l e c t i o n  a l t i t u d e ,  
g (Y, 3 )  = f u n c t i o n a l  r e l a t i o n s h i p  between magnet ic  f i e l d  
pa rame te r s  Y, Q and the r a t i o  of the  d i f f e r e n t i a l  v i r t u a l  
d e p t h  Ah' and the e l e c t r o n  scale height  H (such as F i g -  
ures 37 and 4 1 ) .  
a c c o r d i n g  t o  t i m e  d e l a y ,  an6 if s i g n i f i c a n t  time delay occur s  
n e a r  t he  r e f l e c t i o n  p o i n t  the  va lue  of  Y i s  c l o s e  to t ha t  of 
t h e  r e f l e c t i o n  p o i n t .  
r e f e r e n c e  p o i n t ,  it i s  eas i ly  seen  t ha t  

The v a l u e  o f  Y i s  a mean v a l u e  weighted 

U s i n g  the sounder  a l t i t u d e  as the 



where Ns i s  t h e  l o c a l  e l e c t r o n  d e n s i t y  and b i s  t h e  c o n s t a n t  

E: / ( co rn ) .  
2 The x-wave r e f l e c t s  a t  X = 1 - Y. Therefore ,  

2 
- z = - H I n  -W (1 - Y). 

'r S bNs 
(49 1 

S u b s t i t u t i n g  e q u a t i o n  49 i n t o  47, r e p l a c i n g  Y by i t s  d e f i n i -  
t i o n ,  we o b t a i n  

which i s  t h e  x-mode v i r t u a l  depth ,  and c o n t a i n s  H, uH, and 
N as unknowns. When Y < 1, g ( Y ,  0 )  i s  n e a r l y  independent  of  
d i p  ang le  0 and i s  a f u n c t i o n  which a n a l y t i c a l l y  approximates  
F igu re  21. Choosing t h r e e  f r e q u e n c i e s  c l o s e  t o g e t h e r  a t  which 
v e r t i c a l  dep th  data  have been ob ta ined ,  we may s o l v e  for a 
s c a l e  h e i g h t ,  gyro-frequency,  and t h e  e l e c t r o n  d e n s i t y  a t  t h e  
sounder ,  If t h e  l o c a l  d e n s i t y  i s  es t imated  or measured, o n l y  
two f r e q u e n c i e s  a re  r e q u i r e d .  An approximation,  t h e r e f o r e ,  
of  t h e  s c a l e  h e i g h t  and magnet ic  f i e l d  of a p a r t i c u l a r  r e g i o n  
i s  obta ined ,  t h e  r e g i o n  cor responding  t o  t h e  r e f l e c t i o n  l e v e l  
of  t h e  th ree  f r e q u e n c i e s ,  Applying t h e  above a n a l y s i s  t o  a 
number of  f r e q u e n c i e s  g i v e s  a rough approximat ion  t o  t h e  e l e c -  
t r a n  d e n s i t y  and magnetic f i e l d  p r o f i l e s  w i t h  a n  accu racy  t h a t  
i s  probably r easonab le  as a f i r s t  c u t  a t  a p l a n e t a r y  ionosphe re .  
Furthermore,  t h e  magnet ic  f i e l d  may t h e n  be used  f o r  a f i n e r  
treatment i n  a l a m i n a t i o n  a n a l y s i s  as d e s c r i b e d .  I n  p a r t i c u l a r ,  
t h e  procedure would b e  t o  a p p l y  e q u a t i o n  50 t o  t h e  lowes t  s e t  
of f r e q u e n c i e s  which d e f i n e  a f i rs t  l a y e r  n e a r e s t  t h e  sounder ,  
and, then,  t o  subsequent  l a y e r s  for h i g h e r  g roups  of f r equen-  
c i e s .  I n  c a r r y i n g  t h i s  procedure  t o  lower  l e v e l  l a y e r s  t h e  

d e l a y  c o n t r i b u t e d  by t h e  h igher  l e v e l s  may be  accounted  f o r  i n  
equa t ion  50 t o  provide  a more r e f i n e d  model. 

S 
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Having ob ta ined  s c a l e  he ight ,  magnet ic  f i e l d  s t r e n g t h ,  
and l o c a l  d e n s i t y  i n  t h i s  f a s h i o n  f o r  x-wave v i r t u a l  dep ths  
when Y < 1, w e  can app ly  e q u a t i o n  50 to o-wave data and e s t i -  
mate t h e  d i p  ang le  which should  be cons t an t  for a d i p o l e  model. 
The a p p r o p r i a t e  f u n c t i o n  g(Y, 9 )  must be used  f o r  t h e  o-mode. 

For a p l a n e t  w i th  a large f i e l d ,  such  a s  J u p i t e r ,  t h e  
assumption Y < 1 may not  be v a l i d .  I n  t h i s  c a s e  g ( Y ,  9 )  v a r i e s  
c o n s i d e r a b l y  wi th  0 even f o r  t he  x-mode, as shown i n  F igu re  41, 
and a f o u r t h  f requency  may have t o  be used t o  f i n d  0. The 
check on the  8 va lue  i s  i t s  cons i s t ency  f o r  a v e r t i c a l  p a t h  
i n  a d i p o l e  f i e l d .  Complicat ions such as p ropaga t ion  a long  t h e  
f i e l d  l i n e s  may be appa ren t  i n  a t t empt ing  t h i s  t y p e  of  a n a l y s i s .  
Therefore ,  i t  should  be noted t h a t  duc t ing  and s c a t t e r i n g  can- 
not  be t r e a t e d  t h i s  way. However, t h e  expe r i ence  w i t h  
Exp lo re r  XX and Aloue t t e  ionograms may a i d  i n  t h e  i n t e r p r e t a -  
t i o n  o f  such  compl ica t ions .  

There are  o t h e r  a p p l i c a t i o n s  of  t h e  r e s u l t s  o f  the 

d i f f e r e n t i a l  v i r t u a l  d e p t h  a n a l y s i s  t ha t  may be  a p p l i e d ,  such 
a s  t h e  h igh-  and low-frequency asymptot ic  l i m i t s  and t h e i r  

r e l a t i o n s h i p s  t o  s c a l e  h e i g h t .  
c a t i o n  depends on t h e  f requency  range and t h e  n a t u r e  of t h e  

ionograms. A l l  of' t h e s e  a s p e c t s ,  i n c l u d i n g  the above method 
of  r e d u c t i o n ,  r e q u i r e  f u r t h e r  s tudy  and e l a b o r a t i o n .  I n  pa r -  
t i c u l a r ,  t h e  a p p l i c a t i o n  t o  Alouet te  d a t a  would be most f r u i t -  
f u l ,  as w e l l  as an  e x t e n s i o n  of t h e  a n a l y s i s  t o  a d i p o l e  f i e l d .  

The p o s s i b i l i t y  o f  t h e i r  a p p l i -  

For a p l a n e t  w i th  no s i g n i f i c a n t  magnet ic  f i e l d ,  the  

a n a l y s i s  i s  g r e a t l y  s i m p l i f i e d .  The r e l a t i o n s h i p s  between t h e  
t r u e  and v i r t u a l  h e i g h t  p r o f i l e s  may be t r e a t e d  d i r e c t l y  with- 
o u t  the  compl i ca t ions  d e s c r i b e d ,  Furthermore,  approximat ions  
by e x p o n e n t i a l  s e c t i o n s  r e l a t e  s c a l e  h e i g h t s  d i r e c t l y  with the 
r e s u l t s ,  as may be seen  from Figures  47 and 41 f o r  Y = 0 .  



2. 

65, (fH = 

PROPAGATION CHARACTERISTICS OF THE X-WAVE 

The x-wave t r a c e s  which appear i n  F i g u r e s  63, 64, 
0.4 Mc), and 66 a re  not  e n t i r e l y  obse rvab le  s i n c e  

t h e  magnetic f i e l d  s t r e n g t h  i s  v a r i a b l e  and no t  a c o n s t a n t  
va lue  as was assumed i n  t h e  computation. 
cusses  t h e  e f f e c t s  of a magnetic f i e l d  and e l e c t r o n  d e n s i t y ,  

which v a r i e s  w i t h  h e i g h t  i n  a q u a l i t a t i v e  f a s h i o n .  It i s  
shown tha t  on ly  ha l f  of  t h e  gyro-resonance e f f e c t  o f  F ig-  
ures 63 th rough  66 occur .  
quency bands e x i s t .  The a n a l y s i s  i s  r e s t r i c t e d  t o  x-wave 
propagat ion  c h a r a c t e r i s t i c s ,  bu t  a cor responding  d i s c u s s i o n  

may be  developed f o r  z-mode p ropaga t ion  as wel l .  The high-  
f requency l i m i t  o f  t h e  z-mode p ropaga t ion  band i n v o l v e s  t h e  
d i p  ang le ,  and t h e  procedure  d e s c r i b e d  would be modi f ied  by 
i n c l u s i o n  of t h i s  a d d i t i o n a l  v a r i a b l e .  

T h i s  s e c t i o n  d i s -  

Also, t h a t  s t o p  or fo rb idden  f r e -  

Consider  t h e  t h r e e  p o s s i b l e  d e n s i t y  and magnet ic  
f i e l d  c o n f i g u r a t i o n s  i n  F igu re  67 which p r e s e n t  plasma or 
gyro-frequency ve r sus  depth .  
t h e  s p a c e c r a f t .  
i s  taken  as e x p o n e n t i a l  and t h e  magnet ic  f i e l d  i s  assumed 
l i n e a r .  
b u t  t h e y  do i l l u s t r a t e  b a s i c  f e a t u r e s  which a re  independent  
of p r o f i l e  d e t a i l s .  

The z e r o  p o i n t  cor responds  t o  
I n  each c o n f i g u r a t i o n ,  t h e  e l e c t r o n  d e n s i t y  

These c o n f i g u r a t i o n s  do n o t  cove r  a l l  p o s s i b i l i t i e s  

The t h r e e  c a s e s  shown i n  F igu re  67 a r e :  

Case 1--The l o c a l  plasma f r equency  a t  t h e  sounder  
i s  l e s s  t h a n  t h e  l o c a l  gyro-frequency.  
The plasma f r equency  i n c r e a s e s  with d e p t h  
from t h e  sounder  u n t i l  i t  e q u a l s  t h e  
gyro-frequency,  beyond which i t  i s  t h e  

h i g h e r  o f  t h e  two. 
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Case 2--Local plasma f requency  i s  h i g h e r  t h a n  
t h e  l o c a l  gyro-frequency.  P la sma  f r e -  
quency d e c r e a s e s  below t h e  gy ro - f r e -  
quency wi th  depth,  b u t  d e c r e a s i n g  less  
r a p i d l y  t h a n  t h e  gyro-frequency once 
a g a i n  becomes t h e  g r e a t e r  of t h e  two. 

Case 3--Gyro-frequency i s  everywhere lower t h a n  
t h e  plasma f requency .  

Frequency fHO and fNO are  t h e  l o c a l  gyro  and plasma 
f r e q u e n c i e s  a t  t h e  v e h i c l e ;  Do i s  an a r b i t r a r y  n o r m a l i z a t i o n  
number f o r  t h e  depth .  

F igu res  68, 69, and 70 a r e  g e n e r a t e d  by normal iz ing  
a l l  f r e q u e n c i e s  t o  t h e  plasma f requency  a t  each  a l t i t u d e .  
F+ = f+/fN and F- = f - / fN are  normalized x-wave r e f l e c t i o n  
f r equenc ie s  f and f - ,  cor responding  t o  Y < 1 and Y > 1, 

r e s p e c t i v e l y .  FH = ffy’fN i s  t h e  normalized gyro-frequency 

I n  t h e  d i s c u s s i o n ,  F i s  any normalized f requency .  

+ 

and F a r e  s e l e c t e d  normalized sounding f r e q u e n c i e s .  and F1, F p  3 

The t h r e e  c a s e s  behave s i m i l a r l y  f o r  f r e q u e n c i e s  s o  + t h a t  F ( 0 )  > F 

s a t i s f i e s  t h e s e  c r i t e r i o n ) .  Under t h e  c i rcumstances ,  down- 
ward v e r t i c a l  p ropagat ion  of  t h e  x-wave i n  a Y < 1 domain i s  
p o s s i b l e ,  f o r  a l l  ca ses ,  down t o  a dep th  d e f i n e d  by F = F . 
A t  t h i s  l e v e l ,  X = 1 - Y and r e f l e c t i o n  occur s .  I n  o u r  exam- 
pie, F1 = F 
i s  a l s o  p o s s i b l e  i n  a l l  c a s e s .  

( 0 )  a t  t h e  v e h i c l e  (F1 i s  a f requency  which 

+ 

+ a t  t h e  r e f l e c t i o n  l e v e l .  Local  gy ro  resonance  

S t a r t i n g  a t  z e r o  f requency  a n d , i n c r e a s i n g  t h e  f r e -  + 
quency up  t o  F ( 0 ) ,  t h e  f o l l o w i n g  x-wave p ropaga t ion  cha r -  
a c t e r i s t i c s  a r e  ob ta ined :  

Case 1--Propagat ion a t  normal ized  f r e q u e n c i e s  
below F-(0) i s  n o t  p o s s i b l e  s i n c e  X > 1 + Y. 
Frequencies  ( F  i n  F i g u r e  68) for which 3 
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F- (o )  < F ( O )  < F~(o), w i l l  p ropagate  
down to t h e  X = 1 + Y dep th ,  Within 
t h e  f requency  range  bounded by FH(0)  
and F ( 0 ) ,  however, Y i s  less  t h a n  
u n i t y ,  bu t  X > 1 - Y. Therefore ,  i n  
t h i s  f requency  range,  t h e  medium s u r -  
rounding t h e  an tenna  i s  c u t  o f f  and 
downward x-wave ( n o t  t h e  z-mode) 
propagat ion  i s  not  p o s s i b l e .  F2 i s  
an  example o f  a c u t o f f  f requency.  
F igu re  71 summarizes t hese  r e s u l t s  
f o r  Case 1. Vi r tua l  dep th  i s  q u a l i -  
t a t i v e l y  i n d i c a t e ;  by t h e  p l o t s .  
Propagat ion  i s  r e p r e s e n t e d  by t h e  

c l e a r  areas, whereas p ropaga t ion  does 
not  occur  f o r  t h e  f r e q u e n c i e s  w i t h i n  
t h e  c ross -ha tched  r e g i o n s .  

+ 

Case 2--The band from z e r o  t o  F - ( 0 )  i s  c u t  o f f  
s i n c e  X > 1 + Y. Gyro resonance may 
occur  a t  F ( 0 )  = F H ( 0 ) .  For  t h e  con- 
f i g u r a t i o n  shown i n  F igu re  69, F H ( 0 )  
i s  l e s s  t h a n  F-(0). 
t i o n  t ha t  f a l l s  i n  t h e  Case 2 c a t e g o r y  
i s  p o s s i b l e  i n  which FH(0)  i s  g r e a t e r  
t h a n  F - (0 ) .  These two p o s s i b i l i t i e s  
r e s u l t  i n  somewhat d i f f e r e n t  propaga- 
t i o n  c h a r a c t e r i s t i c s  between F - (0 )  and 
F'(0). The s i t u a t i o n  i l l u s t r a t e d  i n  
F igure  69 w i l l  be d e s c r i b e d  f i r s t .  

FH(O) < F-(0) - - In  t h e  r e g i o n  F-(0) t o  
F+(O), Y C 1 and X > 1 - Y. 
this r e g i o n  i s  c u t  o f f .  
f requency  i n  t h i s  r e g i o n .  
shown i n  F igu re  71. 

Another conf igu ra -  

The re fo re ,  
F2 i s  a t y p i c a l  

T h i s  c a s e  i s  
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FH(0)  > F-(0) - - In  t h e  r e g i o n  F - ( 0 )  t o  
FH(0) ,  Y > 1 and X < 1 + Y and t h e  
x-wave propagates .  From FH(0)  t o  
F+(O), Y < 1 and X > 1 - Y and the  

x-wave i s  c u t  o f f .  The propagat ion  
f o r  t h i s  case  i s  q u a l i t a t i v e l y  i d e n t i -  
c a l  to Case 1 as shown i n  F igu re  71. 

Case 3--Analysis  of  t h i s  case  shows it  t o  be 
i d e n t i c a l  to t h e  two p o s s i b i l i t i e s  i n  
Case 2. Case 3 may be cons ide red  a 
subcase of Case 2. The o n l y  d i f f e r -  
ence i s  t h e  c r o s s o v e r  p o i n t s  o f  t h e  
gyro-frequency and plasma f requency  
curves  of Case 2 which do no t  occur  
f o r  Case 3. These c r o s s o v e r  p o i n t s  
do not  e n t e r  t h e  a n a l y s i s ,  a l t h o u g h  
t h e y  may bear on coup l ing  i n  t h e  
r eg ion  n e a r  X = 1. 



. 
SECTION 5 

C ONC LUS IONS AND RECOMMENDATIONS 

The i n v e s t i g a t i o n  of p l a n e t a r y  ionosounding has  
r e s u l t e d  i n  the  material con ta ined  i n  t h i s  r e p o r t .  I n  the 
t echn iques  area, r equ i r emen t s  and methods have been examined 
p a r a m e t r i c a l l y .  B a s i c  systems which are known from t h e  r a d a r  
technology were cons idered  and r e l a t e d  t o  p l a n e t a r y  iono- 
s p h e r i c  sounding.  An approach which i s  a p p l i c a b l e  t o  many 
miss ions  o u t  t o  very  l o n g  ranges  was developed t h a t  appea r s  
promising w i t h i n  t he  c o n s t r a i n t s  of s i z e ,  weight ,  and power 
t o  be expected i n  an i n t e r p l a n e t a r y  mis s ion .  T h i s  approach 
was worked o u t  and d e s c r i b e d  for a p o s s i b l e  Voyager-type 
f l i g h t  t o  Mars. 

Many a s p e c t s  of t h e  techniques  s tudy  remain t o  be 
i n v e s t i g a t e d .  A b a s i c  system, however, h a s  been o u t l i n e d .  
It i s  recommended t h a t  t h e s e  s t u d i e s  be cont inued  by con- 
s t r u c t i n g  key elements  of  such  a system to e s t a b l i s h  t h e i r  
f e a s i b i l i t y  and to proceed beyond t h i s  t o  t h e  development o f  
a complete  breadboard system. F u r t h e r  s t u d y  of  v a r i o u s  t r a d e -  
offs would be inc luded  i n  t h i s  e f f o r t  f o r  o p t i m i z a t i o n  of t h e  
system w i t h  r e s p e c t  to a mis s ion  such as Voyager. Key e le -  
ments of i n t e r e s t  are p u l s e  compression, cohe ren t  d e t e c t i o n ,  
and d i g i t a l  p r o c e s s i n g  and s t o r a g e .  Although t h e  s t a t e  of 
t h e  a r t  i s  wel l  e s t a b l i s h e d  f o r  these areas i n  r a d a r ,  the i r  
a p p l i c a t i o n  t o  ionosphe r i c  sounding i s  new. Once a b read -  
board system is evolved,  the technique  may be e v a l u a t e d  by 
bot tomside  sounding and w i t h  f l i g h t  models by r o c k e t  t e s t s .  
F i n a l l y , ' l o n g - r a n g e  sounding techniques  should be cons idered  
as a p o s s i b l e  means of  synchronous o r  n e a r l y  synchrohous 
a l t i t u d e  measurement o f  t h e  E a r t h ' s  ionosphere .  



I n  t h e  t h e o r e t i c a l  area,  v i r t u a l  d e p t h  s t u d i e s  have 
been conducted u s i n g  s i n g l e -  and doub le - l aye r  models of  iono-  
sphe res  i n  t h e  presence  of  a c o n s t a n t  magnetic f i e l d .  The 
incrementa l  i n c r e a s e  i n  p a t h  l e n g t h  due t o  t h e  ionosphere ,  
when sounding a t  l ong  d i s t a n c e s  has been s t u d i e d  i n  d e t a i l  

and r e l a t e d  t o  t h e  e l e c t r o n  d e n s i t y  g r a d i e n t ,  the  p l a n e t a r y  
magnetic f l e l d ,  and t h e  propagat ion  f requency ,  M o d i f i c a t i o n s  
o f  t h e s e  r e s u l t s  for c l o s e r  approaches i n  which t h e  sounder  
i s  placed a t  a f i n i t e  a l t i t u d e  w i t h i n  t h e  ionosphere have 
a l s o  been examined. 

V i r t u a l  h e i g h t  p r o f i l e s  were c o n s t r u c t e d  and s t u d i e s  
were made of t h e i r  i n t e r p r e t a t i o n  and t h e  methods of  i n t e r p r e -  
t a t i o n ,  bo th  w i t h  and wi thou t  knowledge o f  t h e  magnet ic  f i e l d .  

A method was evolved which could  provide  a f i r s t  approximat ion  
to both  the  t r u e  he ight  p r o f i l e  and t h e  magnet ic  f i e l d  p r o f i l e  
wi thout  t h e  e l a b o r a t i o n  of  t h e  u s u a l  lamina ted  model approach .  
However, f o r  f i n a l  r e f inemen t s ,  t h e  l a t t e r  method i s  p r e f e r r e d  

A q u a l i t a t i v e  s t u d y  was a l s o  made o f  t h e  p ropaga t ion  
c h a r a c t e r i s t i c s  of  t h e  medium i n  a magnetic f i e l d  t h a t  v a r i e s  
w i t h  a l t i t u d e .  

Many a s p e c t s  o f  t he  t h e o r e t i c a l  s t u d i e s  remain  t o  
be i n v e s t i g a t e d .  It i s  recommended t h a t  t he  e f f o r t  be  con- 
t i n u e d  t o  i nc lude  more comprehensive models which would i n c l u d e  
e l e c t r o n  and ion  t empera tu res ,  g r a v i t a t i o n a l  c o n s t a n t s ,  and a 
magnetic f i e l d  t h a t  va ry  w i t h  a l t i t u d e .  It i s  a l s o  h i g h l y  
recommended t h a t  an  e r r o r  a n a l y s i s  be performed f o r  t h e  pur -  
poses of improved da ta  r e d u c t i o n  and i n t e r p r e t a t i o n .  I n  t h i s  

regard,  e r r o r s  could b e  purpose ly  in t roduced  i n t o  v i r t u a l  
dep th  d a t a  de r ived  from a n  i o n o s p h e r i c  model. Such e r r o r s  
would r e p r e s e n t  measurement e r r o r s  as w e l l  as t h o s e  a r i s i n g  
from phys ica l  assumpt ions .  A t r u e  e l e c t r o n  d e n s i t y  p r o f i l e  
corresponding t o  t h e  r e s u l t a n t  v i r t u a l  d e p t h  d a t a  can be 
d e t e r m i n e d .  On comparing the  known model w i t h  t h i s  d e r i v e d  



data ,  e r r o r s  i n  t h e  computed p r o f i l e  t h a t  are due t o  the 
v a r i o u s  v i r t u a l  d e p t h  e r r o r s  can be de te rmined .  The i n f o r -  
mat lo? ga the red  from t h i s  p rocess  can a l s o  be re la ted  t o  
system a c c u r a c i e s  and r equ i r emen t s  and t h e i r  v a r i a t i o n  w i t h  

f requency .  

I n  a d d i t i o n ,  i t  would be des i r ab le  t o  con t inue  
s t u d i e s ,  f o r  the purposes  of data r e d u c t i o n ,  a n a l y s i s  and 
i n t e r p r e t a t i o n ,  t o  examine the use  of t h e  asymptot ic  behav io r  
o f  t h e  d i f f e r e n t i a l  v i r t u a l  d e p t h  and the  d i p s  i n  t he  v i r t u a l  
d e p t h  ioRograms, s i n c e  such  c h a r a c t e r i s t i c s  are r e l a t e d  t o  
s c a l e  he igh t s  and magnet ic  f i e l d s .  Such a s p e c t s  of  the 
v L r t u a l  d e p t h  data provide  ionosphe r i c  i n fo rma t ion  w i t h o u t  
r e s o r t i n g  to t r u e  dep th  computat ions and may s e r v e  t o  check 
t h e  t r u e  d e p t h  r e s u l t s .  

A f u r t h e r  a r e a  f o r  cont inued s t u d i e s  would be the 

a p p l i c a t l o n  of t h e  method of  approximating the p r o f i l e s  f’rom 
v l r t u a l  d e p t h  data,  as o u t l i n e d  i n  S e c t i o n  4-E. In  p a r t i c u -  
l a r ,  t h e  method can be a p p l i e d  t o  Aloue t t e  data and the 
r e s u l t s  compared w i t h  t h e  Alouet te -der ived  p r o f i l e s .  

It would be d e s i r a b l e  t o  i n c l u d e  ano the r  study 
a r e a  i n  a d d i t i o n  to the  techniques  and p ropaga t ion  s t u d i e s .  
T h i s  area would inc lude  t h e o r e t i c a l  t r e a t m e n t  o f  the  p lane-  
t a r y  atmospheres  and ionospheres ,  upda t ing  previous  e f f o r t s  
b y ‘ t h e  i n c l u s i o n  of t h e  Mariner  4 data and such  o t h e r  meas- 
urement data  as may become a v a i l a b l e .  T h i s  e f f o r t  would 
a t t e m p t  to p r e d l c t  t he  ionospheres  of Mars and Venus, s o  as 
to e s t a b l i s h  more r e a l i s t i c  models and t o  gu ide  i n  the s e l e c -  
t i o n  of a p p r o p r i a t e  sounding f r e q u e n c i e s ,  the d e s i g n  of the  
sounder ,  and t h e  a n a l y s i s  o f  d a t a .  
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APPENDIX I 

ASYMPTOTIC EXPRESSIONS FOR p’AND COS @ NEAR THE 
REFLECTLOh? POINT 

Budden26 g i v e s  t h e  f o l l o w i n g  asymptot ic  expres -  
s i o n s  f o r  group r e f r a c t i v e  index.  

1. For  an  o-wave when X approaches u n i t y  and 
s = l - X :  

e %,%‘Y(l - $ e c o t 2  8 + O ( e 2 $  

2 .  Fo r  a x-wave when X approaches t h e  r e f l e c -  
t i o n  p o i n t  1 - + Y and where e = 1 - + Y - X: 

where t h e  p l u s  s i g n  i s  used when Y > 1 and the minus s i g n  when 
Y < 1. 

3. When 8 = 0, t h e  l o n g i t u d i n a l  wave r e f l e c t s  
a t  X = 1 + Y, t h e r e f o r e  i f  we set  e = 1 + 
Y - X equa t ion  22 may be r e w r i t t e n  as: 

1-1 



Near t h e  r e f l e c t i o n  p o i n t ,  t h e  fo l lowing  a sympto t i c  
e v a l u a t i o n s  a r e  found f o r  cos  @ and p '  co3 @: 

1. o-wave, 0 + oO, c = 1 - x 

cos  e, = pl 

s P, 

and 

o t 2  8 + o (  

2 .  0-wave, Q = oO, c = 1 + Y - x 

and 
Y -  1 2 

(2 + Y ) ( 1  + Y )  + €0 + O(€ ) 
L u! c o s  e, z 1 

(1-4) 

' 0  I 

(1 + Y)[+ + Y ) ( 2  + Y p  

3. x-wave, e = 1 + Y - x (+ s i g n  i f  Y > 1, 
- s i g n  i f  Y < i) 

cos @ i s  g i v e n  by e q u a t i o n  1-6 i f  Y > 1 

(1-8) 

and 

1-2  



APPENDIX I1 

ASYMPTOTIC VALUES FOR DIFFERENTIAL VIRTUAL DEPTH O F  
o-WAVE I N  ZERO FREQUENCY LIMIT (Q # 0 )  

A s  t h e  sounding frequency approaches  zero ,  it is  
d e s i r a b l e  t o  e v a l u a t e  A h ' ( f )  i n  t h e  z e r o  frequency o r  i n f i -  
n i t e  Y parameter  l i m i t  i n  t he  i n t e r e s t  o f  completeness  f o r  
t h e  i d e a l i z e d  problem cons ide red .  I n  f a c t ,  f o r  a f i n i t e  
sounding a l t i t u d e ,  t h e  d i f f e r e n t i a l  v i r t u a l  dep th  i s  i d e n t i -  
c a l l y  ze ro  a t  t h e  c u t o f f  f requency  f o r  t h a t  a l t i t u d e  as 
def ined  by t h e  Appleton-Hartree r e l a t i o n .  This  c a l c u l a -  
t l o n  n o t  cn ly  completes  t h e  Ah' curves  by f i n d i n g  a sympto t i c  
va lues  f o r  F igu re  37 b u t ,  much more impor t an t ly ,  s e r v e s  a s  
an independent  check o f  t h e  computer c a l c u l a t i o n s .  

I n  o r d e r  t o  propagate  an o wave a t  ve ry  low f r e -  
quencies ,  t h e  sounding v e h i c l e  must be assumed t o  be ve ry  
f a r  away i n  a r e g i o n  o f  s u f f i c i e n t l y  low e l e c t r o n  d e n s i t y .  
When t h e  sounding f requency  approaches zero ,  t h e  sounder  
a l t l t u d e  must i n  f a c t  approach i n f i n i t y .  A t  v e r y  h i g h  
a l t i t u d e s  t h e  e l e c t r o n  d e n s i t y  i s  assumed t o  dec rease  
e x p o n e n t l a l l y  w i t h  a l t i t u d e .  Therefore ,  u s ing  t h e  s l o p e  
g lven  by equa t ion  40 and t h e  t r ans fo rma t ion  X = sin* J8, 
e q u a t i o n  30 may be r e w r i t t e n  as 

and 

n/2 
(11-1) 

(11-2) 

11-1 



. 
where 

2 y2 2 N = 1 - X - 1 -I- - c o s  0 (1 - X 2 ) ( 1  - Y 2 ) / R  2 (11-3 

(11-4) 

A s  Y + m ,  e q u a t i o n s  11-3 th rough 11-6 become 

2 
R zT Y s i n 2  0 

D 1 - s i n 2  

2 
~1 w 1 - s i n 2  9 

I n t e g r a l  11-1 may now b e  broken i n t o  two p a r t s :  

(11-6) 

(11-7) 

(11-8) 

(11-9) 

The f i r s t  i n t e g r a l  e v a l u a t e s  s imply t o  I1 = c o t 2  0. 
second i n t e g r a l ,  however, must be i n t e g r a t e d  as shown s i n c e  
s e p a r a t i o n  of t h e  in t eg rand  c r e a t e s  s i n g u l a r i t i e s .  We know, 

i n  f a c t ,  that  t h e  l o g a r i t h m i c  s i n g u l a r i t y  o f  - J -’* c o t  @d@ 

The 

0 



I must be cance led  by a cor responding  s i n g u l a r i t y  of 

s e c  gdp. L e t t i n g  v = s i n  @, t h e  second i n t e g r a l  i s  

(11-11) 

F u r t h e r  t r a n s f o r n a t i o n  l e t t i n g  y = 1 - ,/-simplifies 
t h e  i n t e g r a t i o n .  

= l n 2  (11-12) 
0 

+ I 2  
The low-frequency asymptot ic  l i m i t  i s  obta ined  from I1 

/ and i s  p l o t t e d  i n  F igu re  40. 

11-3 



APPENDIX I11 

ZERO FREQUENCY LIMIT OF L O N G I T U D I N A L  WAVE (€I = 0) 

Using e q u a t i o n s  31, 32, and 33, the d i f f e r e n t i a l  
v i r t u a l  dep th  i s  

where 

(111-1 ) 

(111-2) 

1 

F o r  ve ry  l a r g e  v a l u e s  of  Y, e q u a t i o n  111-1 i n  a s i n g l y  expo- 
n e n t i a l  l a y e r  b e c o r e s  

111-1 



The f i r s t  i n t e g r a l  e v a l u a t e s  simply t o  I1 = -1. 
once a g a i n  been formulated s o  as t o  e l i m i n a t e  t h e  s i n g u l a r i t y  
a t  (3' = 0 .  

ob ta ined .  

I2 has  

L e t t i n g  y = 1 - ,/-the fo l lowing  i s  

f1  
I 2  "!: (2 * - y )  dy = 21n2 

0 

Therefore ,  t h e  d e s i r e d  r e s u l t  i s  

111-2 

(111-4) 



4 

APPENDIX I V  
ASYPPTOTIC LOW -FREQUENCY LIMIT O F  X-WAVE DIFFERENTIAL DEPTH 

From equations 37, 38, and 39 we have for a single 
layer 

where 

I I T \ I = l - X - p  - -  y2 cos2 0 (1 - x2)(1 - P2)/R (IV-2) r 2 

7 

2 

2 
D = 1 - x - X- sin2 0 - R (IV-3 ) 

I R and p are given by equations 11-4 and 11-6 
respectively and X = sin 2 fl + Y sin fl. 

I When f j o ,  the asymptotic expressions are as fol- 
lows : 

= v  
D x - -  y' d, 

2 

(IV-4) 

IV-1 



. 

d = sin 2 0 + 

where 

\sin4 0 + 4 cos2 0 sin2 @ ’  

2 3  cos2 Q n sin4 @ N R  1 

d(d - sin’ 0) 

2 2 sin2 
d p, - 1 -  9 

( IV-6) 

( IV-8) 

The above asymptotic expressions are substituted 
into equation IV-1. 

-4 cos2 0 sin3 @ cos @ d@ 
d 2  

2 d3I2(d - sin Q)(d - 2 sin2 @) 

The last integral, in the same manner as Appendixes I1 and 
111, has been written in this manner to cancel the singularity 
at @ = 0. 

In order to integrate I1 and 12, the first and sec- 
ond integrals of equation IV-9, respectively, we make the fol- 
lowing change of variable: 

d = y = sin2 8 + (sin4 + 4 cos2 0 sin2 a’’ 

IV -2 

(IV-lo) 



dY y - 2 sin2 e 
Y p - 7  

Ah ‘ 1 - - =  
2&0s e 

2 
+ i‘ 

I ,/2 sin 8 

f 
h r \ 

y - sinL e 2 cos 0 
y(y - 2 sin2 e )  J2-y + 

Upon integration, we obtain 

sin2 e 1 - C O S  e 
- 2 cos 0 In 1 + cos e I1 = - 

and 

( I V - 1 1 )  

1 

( I V - 1 2 )  

- C O S  e - ‘ O s  e + ln(2 sin e )  ( I V - 1 3 )  
2 In 1 + cos e I2 - - 

Combining the two integrals, the low-frequency limit 
of the x-wave differential depth is 

sin e - l n ( 2  sin e )  ( I V - 1 4 )  1 
In 1 + cos e H COS e Ah’ M 1 + - 

Equation I V - 1 4  is displayed graphically in Figure 42. 

NASA-Langley, 1966 CR-493 I V  -3 




